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ABSTRACT

Traditional radiochemistry approaches for the detection of trace-level alphaemitting radioisotopes in water require lengthy offsite sample preparations and do not
lend themselves to rapid quantification. Therefore, a novel platform is needed that
combines onsite purification, concentration, and isotopic screening with a fieldable
detection system. My dissertation research objective was to develop novel reactive thin
polymer films and thin film composite membranes for the selective separation of uranium
from environmental water followed by direct isotopic analysis by alpha spectroscopy.
Chapter 1 reviews progress made on uranium separation from aqueous matrices and
discusses methods used for the determination of isotopic composition.
Chapter 2 describes the development of reactive polymer films for the
concentration of uranium from circumneutral pH solutions for spectroscopic analyses.
These films were prepared by grafting uranium-selective polymers from polyethersulfone
(PES) films via UV-initiated polymerization, and by introducing uranium-selective
functional groups to polyacrylonitrile (PAN) films by chemical reaction. Ellipsometry
was used to study poly(phosphoric acid 2-hydroxyethyl methacrylate ester) film growth
kinetics on PES films. X-ray photoelectron spectroscopy of modified PAN films revealed
the conversion of nitrile groups to amidoxime groups to be as high as 40% and showed
that the extent and depth of reaction could be varied precisely. Static uptake experiments
with solutions of depleted uranium spiked with 233U were conducted to determine
uranium binding capacities and kinetics of the modified polymer films at different pH
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values from 4 to 8. Sorption isotherm data were fitted to the Langmuir model, and the
highest sorption capacities of 1.09×10-2 ± 1.03×10-3 mmol/m2 and 1.02×10-2 ± 3.00×10-3
mmol/m2 were obtained at pH 6 for modified PAN (M-PAN) and PES (M-PES) films.
Capacities at pH 4 and 8 were lower and could be explained by differences in sorption
mechanisms. Uranium batch uptake kinetics followed a pseudo-second order rate model.
Equilibrium uptake was attained within 3 h for M-PAN film and 1 h for M-PES films.
Alpha spectroscopy pulse height spectra were analyzed to study the role of selective layer
film thickness on peak energy resolution. Full width at half maximum values from 20 to
41 keV were recorded for M-PAN film and from 26 to 45 keV for M-PES film. Whereas
uranium uptake increased with selective layer film thickness and varied with polymer
chemistry/extent of modification, the peak energy resolution was independent of layer
thickness and polymer chemistry within the experimental measurement uncertainties.
Results discussed in this chapter were used to guide the development of thin-film
composite membrane-based detection methods for the rapid, fieldable analysis of
radionuclides in water for nuclear forensics investigations and environmental studies.
Chapter 3 describes the synthesis and characterization of polyamidoxime
membranes for isolation and concentration of uranium from aqueous matrices, including
high-salinity seawater. The aim was to develop a field portable screening method for the
rapid quantification of isotopic distribution by alpha spectroscopy. Membranes with
varying degree of modification were prepared by chemical conversion of nitrile groups to
amidoxime groups on the surface of polyacrylonitrile ultrafiltration (UFPAN)
membranes. Attenuated total reflectance Fourier-transform infrared spectroscopy was
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used to analyze changes in surface chemistry. Flow through filtration experiments
conducted using deionized (DI) water and simulated seawater solutions indicated that the
modified membrane was effective in capturing more than 95% of the uranium in the
solution prior to breakthrough even in the presence of salt ions. Batch uptake experiments
were conducted and compared with the flow through experimental data to elucidate on
likely binding mechanisms. Alpha spectra of uranium loaded membranes were analyzed,
and the effects of solution matrix and degree of modification on peak energy resolution
were studied. Peak energy resolution of 24 ± 2 keV and 32 ± 6 keV full width at half
maximum (FWHM) were obtained by loading uranium from DI and seawater solutions
onto modified membranes. Full width at 10% maximum of the same spectra were
calculated to be 63 ± 9 keV and 160 ± 34 keV to quantify differences seen in peak tailing.
Calculations performed based on the results show that it would take less than 3 h of
analysis time to screen a sample provided enough volume of solution are available. This
chapter offers a facile method to prepare polyamidoxime-based membranes for uranium
separation and concentration at circumneutral pH values, enabling the rapid, onsite
screening of unknown samples.
Chapter 4 presents the application of reactive membranes for the isolation and
concentration of uranium from circumneutral pH solutions by ultrafiltration. The reactive
membranes were prepared by grafting a uranium-selective polymer layer via ultravioletinitiated radical polymerization from the surfaces of polyethersulfone ultrafiltration
membrane supports. Dynamic uranium binding capacity measurements were conducted
using the reactive membranes housed in an inline filter column, and column breakthrough
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data were fitted to theoretical models. The experimental data were best described by the
Thomas model, indicating that uranium sorption was a reaction rate-limited process.
Fitted model parameter values were compared with the results from batch experiments,
where similar reaction rate constants were obtained for loading from solutions at pH 4
and 6. Maximum uranium binding capacity of the reactive membrane decreased in the
presence of multiple competing ions, from 7.8 ± 0.3 mg/g in deionized water to 3.6 ± 0.2
mg/g in simulated seawater at pH 6. Alpha spectroscopy pulse height spectra of uraniumloaded reactive membranes were analyzed. Peak energy resolutions measured as full
width at half maximum of 70 ± 8 keV and 65 ± 5 keV were obtained from samples
loaded with uranium from DI and seawater solutions. The results of this study provide an
approach for a rapid, on field screening of liquid samples to complement existing
techniques and accelerate sample analyses.
This work offers a thin-film platform for selective separation of uranium from
seawater and rapid analysis of radionuclides by alpha spectroscopy. The proposed
materials were characterized and contacted with uranium-contaminated solutions using
batch and flowthrough filtration methods to demonstrate feasibility for field portable
applications.
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CHAPTER ONE
1. INTRODUCTION
1.1 Background Information
Uranium is the most abundant naturally occurring radioactive element that is found in
seawater, groundwater, sediment, soil, rock, and air. Natural uranium is composed of
three isotopes, 99.27 wt.% 238U, 0.72 wt.% 235U and trace levels of 234U. Therefore, it
must be processed through a series of separation methods to isolate/enrich an isotope of
interest for various applications. Some of these applications include, using enriched
uranium with < 20 wt.% 235U (low-enriched uranium) as fuel for nuclear power plants
and research purposes at approved facilities. Uranium with >20 wt.% 235U (high-enriched
uranium) is used mainly for nuclear weapons production. Depleted uranium (by product
of 235U enrichment process with 0.2–0.3 wt.% 235U concentration) is used for radiation
(gamma ray) shielding in medical equipment, radioactive material (e.g. spent fuel)
container; for chemical catalysis; and for military uses in the production of tank armor,
ballasts in aircraft, and bullet and mortar shells [1,2]. Most of the uranium production
comes from mining; particularly 10 mining sites around the world account for more than
50% of the uranium produced [3]. However, the mining process causes environmental
contamination by releasing hazardous metals into the surface and groundwater [4].
Hence, there is a growing interest in finding alternative sources for uranium production
such as seawater, which contains a total of 4.5 billion tonnes uranium whereas a thousand
times less uranium is found in the known terrestrial sources [5,6]. In addition to using
alternative sources, developing effective methods to mitigate the uranium contamination
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of groundwaters has been the focus of study for many researchers [7,8]. Section 1.2
presents an overview of studies conducted on uranium separation from waters.
1.2 Uranium separation from various waters
Uranium in aqueous solution mostly is present in the +4 and +6 oxidation states.
The chemical species formed in a solution can vary based on hydrolysis and
complexation reactions, which have strong dependence on solution pH [9]. In addition,
separation of uranium from a solution is affected by the presence and concentration of
other competing ions. Section 1.2.1 discusses studies conducted on uranium separation
from seawater. Section 1.2.2 discusses studies on uranium separation from groundwater.
1.2.1 Extraction from seawater
Uranium extraction from seawater has been a focus of studies since the 1960s
with the goal to find economical and sustainable fuel source for nuclear power plants.
Over 71% of the earth’s surface is covered by water and about 97% of that is seawater,
which has an average uranium concentration of 3.3 µg/L, making the total uranium in the
sea three orders of magnitude higher than terrestrial uranium [10–13]. Moreover, uranium
extraction from seawater has advantages over mining, where drawbacks such as
byproducts, radon emission, environmental contamination, and exposure to radiation can
be avoided. Hence, despite the low concentration of uranium, the total mass available
makes these efforts an appealing endeavor.
Early studies reported on flotation methods, where a collector material is added to
a seawater sample to bind to uranium followed by the addition of oppositely charged
surfactant to form micelles. Finally, a gas flowed through the solution forming bubbles
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consisting of the collector material, uranium complex, and the surfactant that float to the
surface for easy collection [14,15]. Uranium recovery of 82% was achieved by using
iron(III) hydroxide (Fe(OH)3) as a collector and sodium dodecyl sulfate (NaC12H25SO4)
as a surfactant [16]. Bubbling air for 2-3 min was observed to be sufficient to obtain a
stable froth that was collected followed by determination of uranium concentration.
Another group reported a uranium recovery of 91% by using the same method but
hydrated titanium oxide as a collector [17]. These studies showed that flotation is an
effective uranium separation technique for laboratory scale operation; however, the
method is not ideal for in situ continuous uranium separation [18]. More importantly, the
optimum operating condition was determined to be at or close to pH 6.6 for most studies
requiring acidification of seawater, that is harmful for marine microorganisms.
Other separation methods implemented include solvent extraction [19,20], and
coprecipitation [21,22]. Despite yielding promising results, these methods involved the
use of consumable chemicals; and, in most cases, only small volumes could be processed,
hence limiting the mass of recoverable uranium. Various biological adsorbents also were
used to sequester uranium [23–25]. These sorbents are suitable for seawater use as they
are an environmentally friendly option; but the main disadvantage of these sorbents is
sensitivity to changes in environmental conditions such as temperature and pH [6]. Other
studies implemented solid phase extraction using various inorganic materials such as Mnoxyhydroxide [26], Fe2O3 (hematite) [27], natural sand [28], and modified silica gel [29].
Ease of preparation, high surface area, and porosity were the advantages of using
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inorganic materials; however, they were not ideal for practical applications due to their
poor selectivity, durability and challenges with deployment and collection methods [30].
Recent studies focused on polymeric materials due to their resistance to high
salinity conditions, simplicity and low cost of operation, and high uptake capacities.
Polymeric materials are prepared in different forms such as fabrics [31–33], hydrogel
[34,35], resin beads [36–38], and membranes [39–42]. The base polymers often are
modified using polymerization [32] or chemical reaction [42] to add functional groups
that bind with uranium, hence, increasing the binding capacities of the sorbents.
Moreover, the functional groups improve the selectivity of the sorbents for uranium over
competing ions in a solution. Positively conjugated microporous polymers with oxime
and carboxyl functional groups were reported to have ultrafast sorption for uranium (0.46
mg/(g day)) and high uranium selectivity (with a sorption capacity ratio of
uranium/vanadium = 8.4) [43]. Poly(amidoxime) hydrogel membrane were prepared by
using sunlight polymerization for uranium separation that resulted in a binding capacity
of 4.87 ± 0.38 mg/g (uranium mass/dry gel mass) after 4 weeks in seawater [44].
Uranium-spiked seawater with a concentration of 500 mg/L was contacted with
sulfonated perylene-based conjugate microporous polymer adsorbents by batch method
and uptake capacity of 1.99 g/g was obtained, which corresponds to an extraction
efficiency of ~90% [45].
1.2.2 Extraction from groundwater
In addition to its radioactivity, uranium is a toxic element that presents health risk
and is an environmental hazard. Many have studied uranium separation from
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groundwater to mitigate the negative consequences of uranium. The pie chart shown in
Figure 1.1 shows the focus of studies conducted between 2000–2019 based on the Web
of Science database indicating that mining related and groundwater contamination were
the top two leading topics of research [46]. The mining process exposes uranium to water
and oxygen that oxidizes it from U(IV) to U(VI) making it soluble in water. Further
mobility of uranium in the environment is determined by precipitation, complex
formation, and chemical conditions (pH, redox potential).

Figure 1.1. The topics of studies conducted on uranium contamination from 2000 to 2019
based on the Web of Science database [46].
Several studies used polymeric materials for the remediation of contaminated
groundwater. Ion exchange polymers are one of the most studied class of materials.
Anion exchange resins were shown to be effective in uranium removal from pH 5
groundwater at Oak Ridge Research (ORR) Y-12 area [47]. Polyacryloamidoxime was
deposited onto the surface of quartz sand for preferential sequestration of uranium over
other divalent cations in groundwater by flowthrough method at a Hungarian mine site,
where optimum performance was reported to be at pH 4.5-7.5 [48]. Ion exchange
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polymers also were applied for in situ ground water remediation [49] and uranium
removal from drinking water [50,51]. A more comprehensive review on groundwater
remediation technologies was reported by Dinis and Fiuza [52].
Flow through filtration experiments using various membranes were reported to be
effective for uranium extraction from groundwater [53–55]. A membrane filtration
system consisting of ultrafiltration and nanofiltration/reverse osmosis membranes was
used to remove uranium from brackish groundwater at pH ranging from 3 to 11 [56]. A
direct flow filtration setup using polyethersulfone and polyamide nanofiltration
membranes was shown to be effective for uranium removal at various applied
transmembrane pressures (500–2000 kPa) that resulted in recovery efficiency ranging
from 57 to 98% depending on the feed concentration [57]. Mineral water with uranium
concentration of 20 µg/L was processed through a polyamide nanofiltration membrane
for the selective removal of uranium traces to meet the World Health Organization’s
(WHOs) maximum admissible concentration suggestion for drinking water (2 µg/L) [58].
The authors reported a permeate concentration of 0.8 µg/L by applying a transmembrane
pressure of 100 kPa. These studies indicate that polymeric sorbents and membranes are
effective in sequestering uranium from various solution matrices in the presence of
competing ions.
After successful separation of uranium from water, isotopic composition of the
uranium is determined using various analytical methods. Section 1.3 discusses methods
used to determine isotopic composition.
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1.3 Analytical methods for isotopic composition determination
“Radioactivity may be defined as spontaneous nuclear transformation in unstable
atoms that result in the formation of new atoms” [59]. With sufficient count (analysis
time), the random nuclear emission can be predicted and quantified by a decay constant
(λ), which indicates the probability that any atom will decay. Elements with unstable
nuclei emit electromagnetic radiation (such as gamma ray, x-ray) and/or particulate
radiation (such as alpha particles and beta particles). Uranium emits alpha particles with
unique kinetic energy to each isotope. The alpha particles interact with electrons resulting
in the excitation or ionization of atoms in an absorbing material. The distance traveled by
alpha particles before losing energy depends on the absorbing material, e.g., it ranges
from 5 to 11 cm in air [60].
Table 1.1 lists the analytical techniques most used for isotopic analysis and their
corresponding drawbacks. Mass spectroscopy is highly sensitive technique used for
elemental and isotopic analysis of unknown samples by determining mass to charge ratio
values. However, the sample preparation involves multiple laboratory-based steps, and
the instruments are too large for fieldable use. Alpha spectroscopy has low background
count due to the small penetration depth of alpha particles through an absorbing medium.
In addition, the availability of portable alpha spectrometer makes it preferable for
fieldable use.
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Table 1.1. Analytical techniques for the determination of isotopic composition.
Analytical
technique

Examples

Comments

Mass spectroscopy

ICP-MS
TIMS

The instruments are too large for fieldable
use Involves long sample preparation time

Alpha spectroscopy

Si detector

Requires lengthy sample preparation

1.4 Alpha spectroscopy
Figure 1.2 shows the alpha spectrometer experimental setup used for this project. Alpha
spectroscopy works by counting the interaction of alpha particle emissions with a Si
detector. The interaction results in electron-hole pairs, where the number of charge
carriers is proportional to the energy of alpha particle that reached the detector surface.
The electric signal is converted to a pulse height signal by the preamplifier. The signal
from the preamplifier is processed through a multichannel analyzer (MCA) where
analog-digital conversion takes place. Lastly, a histogram is displayed on the computer
which is the pulse height distribution of the alpha radiation energy. An energy calibration
using standard alpha sources is conducted to relate the pulse height spectrum to the
known alpha energy. The vacuum pump decreases the pressure in the alpha spectrometer
chamber reducing the energy loss of alpha particles by collision with air molecules.
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Figure 1.2. Schematic representation of alpha spectrometer setup.

Table 1.2 shows the alpha peak energy values for selected uranium isotopes [61].
The differences between the energies of alpha particles emitted from uranium isotopes
ranging from about 50 to a few hundred keV indicating that these peaks can be resolved
with alpha spectrometer given good quality samples are prepared and samples are
counted in a vacuum environment. Peak energy resolution is quantified with full width at
half maximum (FWHM), where spectra with high peak energy resolution have small
FWHM values indicating distinct peaks that do not overlap with each other. To obtain
high peak energy resolution spectra, a vacuum is connected to the alpha chamber, and
careful sample preparations methods are followed. these steps involve purification,
concentration, and sample mounting.
Table 1.2. Alpha particle energies of uranium isotopes. Values with energy intensities
>2% are listed.
Isotope
238
235
234

U
U
U

half-life
(year)
4.468×109

Energy (keV) (Intensity %)
4198 (79%), 4151 (21%)
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4395.4 (57.73%), 4364.3 (18.92%)

5

4774.6 (71.38%), 4722.4 (28.42%)

7.038×10
2.455×10

9

233

U

1.592×105

4824.2 (84.3%), 4783.5 (13.2%)

The goal of this project was to develop a rapid sample preparation method that
combines purification, concentration, and sample mounting steps for fieldable alpha
spectroscopy analyses of environmental waters. Polymeric sorbents with uranium
selectivity at near neutral pH values are needed to reduce sample preparation and analysis
time.
1.5 Dissertation structure
The goal of my dissertation was to develop materials and methods that could be
used as part of a field-portable isotopic screening method for rapid processing of samples
with unknown isotopic composition. To achieve this goal, we prepared thin polymer
films and thin film composite membranes for selective separation of uranium at
circumneutral pH values. Sorbent materials characteristics that we aimed to achieve were
high binding capacity, fast kinetics, good selectivity, and wide pH operating range. Such
qualities allow rapid uranium separation, short analysis/count time, and flexible
application to various solution matrices.
Chapter 2 discusses the preparation of reactive thin films for the concentration of
uranium from deionized water at near neutral pH values. Chapter 3 describes the
development of a polyamidoxime-based membrane for the selective separation of
uranium from seawater. Chapter 4 discusses the preparation of phosphate-based reactive
membranes for flowthrough dynamic binding of uranium followed by alpha spectroscopy
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analyses. Chapter 5 discusses the conclusions based on my findings and
recommendations for future work.
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CHAPTER TWO
2. URANIUM CONCENTRATION USING REACTIVE POLYMER THIN FILMS
FOR SPECTROSCOPIC ANALYSES
2.1 Introduction
The International Atomic Energy Agency defines nuclear forensics as “the
examination of nuclear and other radioactive materials using analytical techniques to
determine the origin and history of these materials in the context of law enforcement
investigations or the assessment of nuclear security vulnerabilities.” [62] Alpha
spectroscopy is among those analytical techniques useful for pre- and post-detonation
nuclear forensics investigations. It enables the identification and quantification of fissile
isotopes (233U, 235U, and 239Pu), which is critical to thwart illegal weapons production.
The amount of 235U present in a suspected sample is indicative of the intended purpose of
the uranium. Natural uranium contains about 0.7 % 235U. Highly enriched uranium
(HEU), >90% 235U, is weapons grade material; whereas lowly enriched uranium (LEU),
<20% 235U, is used for nuclear reactor fuel and research purposes [63].
Alpha spectroscopy requires a thin, uniformly applied sample of radionuclidecontaining material to reduce self-attenuation and obtain high peak energy resolution. For
alpha spectroscopy, peak energy resolution is most often quantified as full width at half
maximum (FWHM) of a peak in units of energy (keV), but can also be quantified as a
percentage energy resolution (FWHM/peak centroid × 100%). The nuclear forensics
community has a growing interest for rapid and field portable sample preparation
methods that can generate alpha peak energy resolution sufficient for isotopic analyses.
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Recent works have reported on methods to form thin layers of radionuclides onto
various substrates that directly serve as the source for quantification by alpha
spectroscopy. Jarrell et al. [64] prepared thin film sources of uranium and thorium by
electrodeposition. The sources were counted for 72 h and 68 h, respectively, using a 4HSiC alpha detector to obtain peak energy resolution of 45 keV (0.94%), which also was
reported as the limit of the detector. Tran et al. [65] used boron-doped diamond substrates
to prepare electro-precipitated single and mixed radionuclide sources for rapid on-field
radionuclide detection with peak energy resolution of 13.2 keV FWHM for the 241Am
peak. Electro precipitation for 90 min in Na2SO4 solution produced uniformly coated
sources with peak energy resolution of 13.2 keV FWHM for the 241Am peak.
Precipitation yields of 58.7% and 70% were reported in 0.3M Na2SO4 and NaNO3
solutions. The same group used electro-precipitation to prepare trace-level actinide
hydroxide sources on a silicon sensor coated with boron-doped nanocrystalline diamond
[66]. High quality sources were prepared from 60 mL solution with 241Am peak energy
resolution of 154 keV (2.8%) for in situ counting and 22 keV (0.4 %) for counting under
vacuum. Dion et al. [67] modified a commercial ICP-MS and used it to coat stainless
steel disks with a uniform, atomic scale 241Am layer, resulting in 20 keV peak energy
resolution. The authors claimed rapid sample preparation by this method, with times as
short as 18 min for samples prepared from 241Am. Despite the high peak energy
resolution spectra obtained, the above methods involve elaborate and, in most cases,
expensive setups. Moreover, a purification step must precede these methods, which
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detracts from rapid, fieldable use. Thus, there has been focus on using solid-phase
extraction methods as a simpler and more pragmatic alternative.
The functional films on a stable substrate such as glass [7–10], silicon [71],
stainless steel [11–13], membranes [14–20], and polymers [21, 22] have been used to
purify and concentrate actinides from solution matrices. Boukhalfa et al. [73] prepared
thin films from polystyrene and P,P’-di(2-ethylhexyl)methanediphosphonic acid (DIPEX)
on stainless steel planchets for extraction of plutonium from 1M HNO3 solutions. The
films were contacted with 2 mL of plutonium solution (obtained by acid leaching a soil
sample and diluting it in 1M HNO3) for 1 h to reach equilibrium. Alpha counting of
plutonium-loaded films resulted in peak energy resolution of 36 keV from the 239Pu/240Pu
peak at 5165 keV. The distribution ratios (k’) for plutonium in all of its oxidation states
were at least 103 times lower than the results reported by Chiarizia et al. [84] using liquid
DIPEX. The authors attributed the markedly lower distribution ratio to limited geometric
flexibility of the solid film to form metal complexes at the surface and unavailability of a
large fraction of the DIPEX that is entrapped within the thin film. Rim [85] developed
polymer ligand films (PLF) containing di(2-ethylhexyl)phosphonic acid (HDEHP) and
polystyrene on a stainless steel substrate for extraction of uranium and plutonium from
solutions of 0.01-8M HNO3. Plutonium extraction increased with increasing acidity and
ligand content in the films, whereas uranium extraction was insignificant for the same
experimental conditions. The best performing HDEHP PLF (1:5 w/w ratio of ligand to
polystyrene) resulted in peak energy resolution of 18.65 ± 0.51 keV. The same author
studied another phosphate-bearing ligand, bis(2-ethylhexyl)methanediphosphonic acid
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(H2DEH[MDP]). For H2DEH[MDP] PLFs, preferential extractions of plutonium over
uranium and vice versa were possible by changing weight ratios of the two components.
Even though binding capacity at equilibrium concentration was not reported for any of
these films, consistently high peak energy resolution spectra, ranging from 12.74 ± 1.62
keV to 26.51 ± 1.54 keV, were collected for all PLFs with different ligand to polystyrene
ratios. Mannion et al. [71] prepared quaternary amine based ultra-thin films on glass and
silicon substrates. The films were tested by immersing them in plutonium solutions for 2
h resulting in peak energy resolution values of 25-30 keV. Mhatre et al. [82] used Teflon
films for grafting glycidyl methacrylate by 𝛾-radiation from 60Co followed by a chemical
reaction to convert the epoxy group to phosphoric acid-based polymer films were
contacted with Pu(IV) solution in 3 M HNO3 overnight to attain equilibrium. Uranium
extractions from sea and ground water also were tested at pH 2. The films were selective
for Pu(IV) at high nitric acid concentration (3M and above). Reported peak energy
resolution values were 220-400 keV FWHM. Values increased with increasing percent
phosphate content, likely due to alpha particle attenuation through thicker selective
layers. Unfortunately, selective layer thicknesses were not reported. Foster et al. [83]
evaluated the effect of film thickness on Pu uptake and peak energy resolution at pH 2.3
and 6.3. They prepared polystyrene-HDEHP films with thicknesses from 30 to 250 nm on
25.4 mm silicon wafers and reported peak energy resolution values ranging from 21 to 32
keV. The highest uptake was reported to be 35.8 ± 1.7 % at 5 Bq mL-1 (1.40 × 10-7 M)
from 2 mL of 242Pu solution after 3 h contact time.
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Despite the importance of these contributions, only Foster et al. have assessed the
role of film thickness on peak energy resolution for plutonium detection. No known
studies have done so for uranium detection. In addition, most of the studies conducted to
concentrate radionuclides from aqueous matrices were done in acidic conditions via batch
contact, thus requiring an additional acid treatment step for ground water samples.
In previous work [86], we grafted thin films of poly(ethylene glycol methacrylate
phosphate) (p(EGMP)) from polyethersulfone (PES) ultrafiltration membranes by UV
initiated radical polymerization. We showed that the p(EGMP) coated membranes can
process large volumes of uranium-contaminated ground water rapidly using low-pressure
filtration, leading to a high throughput, one-step concentration, purification, and alpha
spectroscopy sample mounting process. The modified membranes reduced sample
preparation time to a few minutes and produced high peak energy resolution spectra.
While groundbreaking for its introduction of a flow-through sample isolation and
mounting process, our initial study did not determine the uranium binding capacity and
kinetics of the modified membranes, was limited to one membrane material, and did not
explore the role of film thickness on peak energy resolution, which are needed to guide
future thin-film composite membrane design.
The objective of the work reported in this chapter was to fill these knowledge
gaps and better understand how the physicochemical properties of reactive thin film
membrane coatings influence the radioanalytical detection and characterization of
uranium. To attain this objective, we studied growth kinetics of poly(phosphoric acid 2hydroxyethyl methacrylate ester) (p(PAHME)) films by measuring thickness as a
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function of UV-irradiation time using ellipsometry with a model PES substrate that
simulates the surface of PES membranes. We also studied the modification of
polyacrylonitrile (PAN) thin films with amidoxime functional groups for binding
uranium, as PAN is another common membrane material. X-ray photoelectron
spectroscopy was used to study percent conversion of nitrile groups to amidoxime groups
in PAN films. Radiography was used to characterize radionuclide distribution on uranium
loaded films. Finally, analysis of alpha pulse height spectra revealed the effects of film
thickness and surface chemistry on peak energy resolution. Results from this work were
used to guide membrane development and further develop a detection method, which are
discussed in chapter 3 and 4, for the rapid analysis of radionuclides in water as needed for
pre- and post-detonation nuclear forensics investigations and environmental studies.
2.2 Experimental section
2.2.1 Materials
The following reagents were used as received from MilliporeSigma (St. Louis,
MO, USA): ethanol (reagent grade), hydroxylamine hydrochloride (NH2OHHCl, 98%,),
phosphoric acid 2-hydroxyethyl methacrylate ester (PAHME, 90%), polyacrylonitrile
(PAN, average molecular weight 150000 Da), polyethersulfone (PES, 3 mm nominal
granule size), sodium carbonate (Na2CO3, ≥99.5%). N,N-dimethylformamide was from
Fisher Scientific Company (DMF, Pittsburgh, PA, USA). UltimaGold AB liquid
scintillation cocktail and uranyl nitrate hexahydrate (depleted uranium) were purchased
from NOAH Technologies Corporation (San Antonio, TX, USA). Uranium-233 was from
Eckert & Ziegler (Valencia, CA, USA). A SuperQ Water System (Millipore, Molsheim,
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France) was used to purify and deionize (DI) water.
Silicon wafers (N/Ph <111>, 5-20 Ω-CM, 279 ± 25µm SSP, 2” primary flat) were
acquired from Nova Electronic Materials (Flower Mound, TX, USA).
2.2.2 Silicon wafer preparation
Silicon wafers were cleaned thoroughly with piranha solution (3:1 (v/v)
concentrated sulfuric acid/30% hydrogen peroxide) before use. Caution should be taken
while preparing and using piranha solution. It should be prepared by adding the hydrogen
peroxide solution to the sulfuric acid slowly and inside a fume hood. Twelve silicon
wafers were placed on a homemade Teflon stand (see Figure 1.1) and contacted with 200
mL of piranha solution in a glass beaker. The solution was stirred magnetically with a
Teflon stir bar and heated to 90°C in a water bath for 1 h. Then the wafers were
immersed in 100 mL DI water for 10 min and rinsed further with running DI water.

Figure 2.1. Teflon stand used in silicon wafer cleaning.
2.2.3 Spin coating polymer films on silicon wafers for use as a membrane surrogate
Polymer solutions with concentrations from 1 to 7 wt% were prepared using DMF
as a solvent. A specified mass of polymer (PES or PAN) and volume of DMF were added
to a 20 mL vial. The solution was mounted on a vortex shaker (model SI-A236, Scientific
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Industries, Inc., Bohemia, NY, USA) at 1000 rpm for 30-40 min for complete dissolution
of the polymer. Piranha-treated silicon wafers were cleaned by pipetting a few drops of
ethanol on the surface and wiping with a Kimwipe to remove any dust particles. Dynamic
spin coating was used to coat silicon wafers with the polymer films. The spin coater
(model WS-650-23NPP, Laurell Technologies Corporation, North Wales, PA, USA) was
purged with nitrogen gas at a flow rate of 12 L/min (equivalent to 4 headspace
volumes/min) for 2-3 min before each run. It was set to a specific spin speed from 1000
to 7000 rpm and allowed to stabilize for 10 s, after which 100-200 μL of the polymer
solution was pipetted on the spinning wafer. Polymer film coated silicon wafers were
placed in a vacuum oven (3606-DB, Thermo Fisher Scientific, Marietta, OH, USA) at 85
± 14 kPa to dry overnight. The oven was set to 150ºC for PES-coated wafers and 50ºC for
PAN-coated wafers.
2.2.4 PAN film modification
The reactant solution was prepared by dissolving 1.6 g of NH2OHHCl and 1.2 g
of Na2CO3 in 20 mL DI water. A PAN-coated silicon wafer was placed film side up on a
hot plate (VWR International, Radnor, PA, USA) and 4 mL of reactant solution was
pipetted on the surface. The pipette tip was used to spread the solution uniformly over the
film, taking care not to touch the film. A 60 mm glass petri dish was placed face down to
cover the sample and minimize water evaporation. The hot plate was set to give a surface
temperature of 45 ± 3°C. Surface temperature was measured with a non-contact digital
laser infrared thermometer gun (model H1020, IJE Pack, Arlington Heights, IL, USA).
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After 60 min reaction, the modified PAN surface was rinsed with DI water to wash off
the reactant solution, soaked in DI water for 2-3 h, and rinsed with DI water a final time.
2.2.5 PES film modification
Monomer solutions were prepared at concentrations ranging from 1 to 40 g/L
PAHME in ethanol. A PES-coated silicon wafer was placed in a glass petri dish and 4
mL of the monomer solution was pipetted on the PES surface. A quartz disc with 63.5
mm diameter and 3.2 mm thickness (Technical Glass Products, Painesville Twp., OH,
USA) was placed on top of the petri dish to minimize ethanol evaporation. The sample
was placed under a UV lamp (UVP XX-15M 95-0042-08, Analytik Jena US LLC,
Upland CA, USA) that was housed in a nitrogen atmosphere glove box with an oxygen
concentration of < 1 ppm. The distance between the sample and the surface of the UV
lamp was 8 cm. The sample was irradiated at a wavelength of 302 nm and intensity of
2770 μW/cm2 for a specified time and thoroughly rinsed with ethanol.
2.2.6 Determination of polymer thickness by ellipsometry
Polymer film thickness was determined by variable angle ellipsometry (Picometer
Ellipsometer, Beaglehole Instruments, Wellington, New Zealand) using a He-Ne laser at
632.8 nm. Measurements were taken with incident angles from 60º to 80º using 2º
increments. Three measurements of each sample were taken at the center, middle, and
edge along the radius of the polymer film surface and average values were calculated.
Each datum point represents the average of triplicate measurements from three different
samples. Raw data were fitted for thickness determination using IgorPro software v4.0A.
A multiple layer Cauchy model was used to fit the data by varying thickness and fixing
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the refractive index of the polymer. The refractive indices used were 1.65 for PES [87]
and 1.51 for PAN [88] films. After modification of PES films, thickness of the grafted
selective layer [i.e., p(PAHME)] was allowed to vary whereas refractive index was set to
1.47 [89] during data regression.
2.2.7 Atomic force microscopy (AFM)
Surface topographies of polymer thin films on silicon wafers were analyzed using
a Bioscope AFM (Bruker, Inc., Billerica, MA, USA) with Nanoscope IIIa controller.
Silicon cantilevers (HQ:NSC16/AL BS, MikroMasch, Inc., Sofia, Bulgaria) were used
for the non-contact tapping mode measurements. Images were taken with a 256×256
pixel resolution over 10 µm  10 µm area at a scan rate of 0.6 Hz. Surface roughness was
determined using Bruker Nanoscope software, version 5.32R1. All reported root mean
square (RMS) surface roughness values are average measurements of three random areas
on a sample.
2.2.8 X-ray photoelectron spectroscopy (XPS)
XPS analysis was performed using a Physical Electronics (Chanhassen, MN,
USA) PHI 5000 VersaProbe III Scanning ESCA Microprobe. The instrument was
equipped with 180º hemispherical electron energy analyzer and monochromatic Al
Kα Scanning Microprobe X-ray source. The X-ray source was powered at 25W using a
15 kV beam voltage and a 100 μm spot size. Scans were done in vacuum below 1.3×10-4
Pa during analysis and below 1.3×10-3 Pa during etching. Instrument base pressure was
ca. 1.3×10-6 Pa.
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Survey spectra were collected with a step size of 0.8 eV and a pass energy of 224
eV with two sweeps for each survey. High resolution spectra for C, N, O and Si were
collected with step size of 0.125 eV and pass energy of 69 eV with two sweeps for each
element. Depth profile analysis was conducted using a C60 ion gun, adjustable to 20 keV,
for sputter etching the polymer surface. C, O, and N peaks were fitted to
Gaussian/Lorentzian peak shape and a Shirley background. For binding energy
calibration purposes, the C(1s) signal at 284.5 eV was used as a reference. Peak fitting
was determined based on a PAN standard that was unmodified. Multipack v.9.8.0.19
software was used for peak deconvolution.
2.2.9 Uranium uptake studies
Uranium solutions were prepared from uranyl nitrate hexahydrate (depleted
uranium) and 233U tracer at pH 4, 6, and 8. Uranium solution pH measurements were
done using an Orion pH meter (model 420A, Thermo Fisher Scientific, Marietta, OH,
USA). The pH values of all solutions were adjusted with 1M HNO3 and 1M NaOH.
Different concentration solutions from 1 (4.2 × 10-6 M) to 50 mg/L (2.1 × 10-5 M) 238U
were prepared by adding DI water and depleted uranium gravimetrically. Solutions were
spiked with 233U to 5 Bq/mL (6.1×10-8 M) before adjusting the pH.
Static binding experiments were conducted by pipetting 4 mL of uranium solution
on the polymer films, creating a sessile drop of solution that covered the entire surface,
and leaving it for 10 h to reach equilibrium. In the case of unmodified PES film, 7 mL of
uranium solution was used to ensure complete surface coverage, as PES does not wet
easily by water. In all cases, the solution was retained exclusively on the silicon wafer
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surface and did not come into contact with any container surfaces. The samples were
covered with glass petri dishes (VWR International, Chicago, IL, USA) to minimize
evaporation. The solution concentration before and after contact with films were
determined by mixing 1 mL aliquots with 5 mL of scintillation cocktail and counting the
samples with a PerkinElmer liquid scintillation counter (LSC, model Quantulus 1220,
Waltham, MA, USA). Uranium loaded polymer films were counted directly with a
Gamma Products Inc. gas flow detector (G5000 series “Traveler” Alpha Beta
proportional counter, Palos Hills, IL, USA). Binding experiments were performed in
triplicate.
Uranium binding kinetics were studied at pH 4, 6, and 8. Each polymer film
coated silicon wafer was contacted face down with 10 mL uranium solution contained in
a 250 mL beaker. The beaker was placed on a Lab Companion shaker (model SK-300,
Ramsey, MN, USA) set at 60 rpm. The silicon wafer was withdrawn from the solution at
predetermined times ranging from 1 to 360 min and pat dried with Kimwipe. The activity
on the film was determined by counting with the gas flow detector for 30 min. The
sample was placed back in the uranium solution after each count to proceed with the
kinetics experiment. Reported data are averages of triplicate measurements.
2.2.10 Autoradiography
Autoradiography was used to analyze the distribution of uranium on the modified
films. The samples were contacted with 10 mg/L (1.2 × 10-1 Bq/mL, 4.2×10-5 M) 238U
and 5 Bq/mL (6.1×10-8 M) 233U solution for 10 h before imaging. Uranium loaded
polymer films on silicon wafers were placed in the autoradiography exposure cassette.
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The samples were seated on a plastic sheet and covered with a thin Mylar film (XRF Thin
Mylar Micro Fine, 2SPI Supplies, West Chester, PA, USA) to avoid contamination of the
autoradiography plate, which was placed on top of the Mylar film. The cassette was
closed and placed in a laboratory cabinet to maintain darkness. After a 4-d exposure, the
plate was removed and read using the phosphor imaging feature on the Typhoon FLA
7000 software (GE, Fairfield, CT, USA). The image brightness and contrast were edited
in Adobe Photoshop CC 2020 (San Jose, CA, USA) to enhance visibility. The
autoradiography plate was placed on a light table to clear it for reuse.
2.2.11 Alpha spectroscopy
Uranium loaded samples were analyzed with a Canberra alpha spectrometer (model
7401, Oak Ridge, TN, USA). Samples were placed in the chamber at a distance 9 mm
from the detector. A bias of 40 V and a vacuum pressure <120 Pa were applied before
starting the count. A DuoSeal 1399 pump (Welch Vacuum Technology, Monroe, LA,
USA) was used to establish the vacuum pressure. The samples were counted for a time
long enough to obtain statistically valid sample sizes (>1000 counts). The peak energy
resolutions of the resulting spectra were calculated using MAESTRO Version 7.01
software (AMETEK, Inc., Berwyn, PA, USA). All results are reported as the average of
triplicate measurements using three different samples.
2.3 Results and discussion
2.3.1 Spin coating polymer solutions on silicon wafers
Thin polymer films of PES and PAN were deposited on silicon wafers by spin
coating. Polymer concentration and spin speed were varied to study their effects on film
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thickness. Figure 2.2 shows the film thicknesses prepared from 1 to 7 wt % PES and
PAN solutions at different spin speeds. The results show that precise control of polymer
thickness can be achieved by adjusting polymer concentration and coating spin speed.
The measured film thicknesses were fitted to a simplified correlation described by
Equation 2.1 where T is polymer film thickness (nm), C is polymer concentration (wt
%),  is angular velocity [revolution per minutes] (rpm), k (nm wt %-m rpm-n) is a
proportionality constant.
T = kCm ωn

(2.1)

While more sophisticated mathematical models have been developed to account
for rheological properties of polymer solutions during spin-coating [29, 30] Figure 2.2
shows that Equation 1 fit the experimental data well for the two study systems. Table 2.1
shows the values obtained for the constants in Equation 2.1 by applying a least-squares
fit to the experimental data using Solver in Microsoft Excel. The spin speed exponent (n)
was fixed to -0.5 based on well-established rule of inverse square root relationship
between film thickness and spin speed [31, 32]. The other two constants (k and m) were
allowed to change. The same concentration exponent (m) was obtained for all three
concentrations for each polymer system. The proportionality constant (k) accounts for
viscosity of the polymer solution [94], hence an increase with solution concentration was
observed. The ability to control PES film thickness is important to ensure that the films
are thin enough to enable precise ellipsometric measurements of grafted p(PAHME)
selective layer thickness and thick enough (>100 nm) to behave like bulk PES. Knowing
the p(PAHME) layer thickness precisely is critical to understanding the role that it plays
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on alpha spectroscopy peak energy resolution and uranium uptake capacity and kinetics.
For PAN films, it is important that the layer is thick enough for performing reaction depth
analysis by XPS. For subsequent experimental studies (film modifications, batch uptake
measurements, and binding kinetics studies), 173 ± 3 nm PES films and 187 ± 4 nm PAN
films were used.

Figure 2.2. Average film thicknesses of a) PES and b) PAN films spin coated on silicon
wafers. Values were measured by ellipsometry. Error bars represent standard deviations
among three measurements with different samples. In most cases, the error bars are
smaller than the symbols.

2.3.2 PES film modification
PES films were surface modified by UV-initiated radical polymerization.
Exposure to UV light causes C-S bond cleavage that creates a radical available for
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reaction with the PAHME monomer in solution [95]. Scheme 1.1 illustrates grafted
polymerization of p(PAHME) from a PES film surface.
Table 2.1. Spin coating parameter values for PES and PAN films.

PES

PAN

Conc.
(wt %)

k
(nm wt%-m rpm-n)

1

619

5

3160

7

4757

1

945

3

3888

5

5052

m

n

0.5

-0.5

0.4

-0.5

Scheme 2.1. UV grafting of poly(PAHME) from PES film surface.
The rate of p(PAHME) grafting was studied by UV-irradiating PES films
immersed in monomer solution for 2, 5, 7, and 10 min (corresponding to 3, 8, 11, and 15
kJ/m2 energy doses delivered to the film). Figure 2.3 shows the results obtained. As
monomer concentration was increased from 1 to 20 g/L for a given irradiation time, the
thickness of p(PAHME) grafted layers increased. Further increasing the monomer
concentration to 40 g/L had no measurable effect on thickness within the experimental
uncertainty. This transition to apparent zero-order kinetics indicates that the radicals
formed by UV-irradiation become limited in relation to monomer molecules above 20
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g/L, which is common for surface-catalyzed reactions. The thickness of p(PAHME)
depends strongly on irradiation energy, whereby higher irradiation energy (longer UV
light exposure) resulted in a thicker selective layer. However, PES film degradation was
observed at an irradiation energy of 15 kJ/m2, where visible cracks appeared throughout
the film surface. Earlier studies observed a similar effect where degree of grafting
reached a maximum value and further irradiation resulted in decreased degree of grafting
[34–36]. Those authors attributed the decline in degree of grafting at high irradiation
energy (or time) to grafted chain scission. Moreover, a maximum monomer concentration
was observed where further increasing the concentration did not have a significant effect
on degree of grafting [98]. Taniguchi et al. studied UV-grafting of another vinyl
monomer (N-vinyl-2-pyrrolidinone) from PES ultrafiltration membranes. They reported a
linear increase in degree of grafting at low irradiation energies up to 4–5 kJ/m2 and
maximum grafting between 5 and 8 kJ/m2 [97]. Based on these results, all PES films for
batch uptake and kinetics experiments were modified by UV-light exposure for 5 min,
corresponding to an irradiation energy of 8 kJ/m2. We refer to the samples as M-PES-8.
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poly(PAHME) thickness (nm)
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15

20

(kJ/m2)

Figure 2.3. Ellipsometry measurements of poly(PAHME) layer thickness at different
polymerization time. Error bars represent standard deviation of three measurements using
different samples. In some cases, the error bars are smaller than symbols.

2.3.3 PAN film modification
PAN film modification introduced amidoxime functional group groups by
conversion of nitrile groups according to Scheme 2.2 [99]. XPS spectra of modified (MPAN) and unmodified PAN films were collected to quantify the extent of the chemical
reaction.
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Scheme 2.2. PAN film modification to add amidoxime functional groups.
Figure 2.4a shows high-resolution spectra of the O(1s) peak of unmodified PAN
(PAN) and PAN films modified using 30 min (M-PAN-30), 60 min (M-PAN-60), and 90
min (M-PAN-90) reaction time. An increase in O(1s) peak area (at 532.08 eV) was
observed with increasing reaction time indicating successful surface modification. The
small O(1s) peak on the PAN spectrum likely is due to contamination or adventitious
oxygen. Figure 2.4b shows a high-resolution elemental scan of carbon for M-PAN-60
that was used to determine peak contributions by C−C, C−H, and CN bonds.
% Conversion =

mole Ot - mole Ou
mol C≡N

×100%

(2.2)

High-resolution C(1s) spectra for PAN, M-PAN-30, and M-PAN-90 are given in Figure
A-1 in Appendix A. The peak areas of O(1s) and C(1s) were used to determine atomic
percentages and calculate conversion of nitrile group using Equation 2.2, where mole Ot
is moles of oxygen at reaction time, mole Ou is moles of oxygen in unmodified PAN film,
and mole CN is moles of nitrile group in the unmodified PAN film. Table 2.2
summarizes the atomic percentages obtained from high-resolution spectra and the
calculated percent conversions.
Table 2.2. Atomic composition of PAN films before and after modification.
Sample

Atomic percentage
C
N
O

Conversion
%

30

PAN
M-PAN-30
M-PAN-60

76.59
71.46
68.26

21.92
21.64
21.79

1.49
6.91
9.95

21.4
33.5

M-PAN-90

66.16

22.29

11.55

39.8

6000

Intensity (a.u.)

5000

Raw Intensity
Peak Sum
C1
C2
C3
Adventitious

b

4000
3000
2000
1000
0
288

286

284

282

Binding Energy (eV)
Figure 2.4. XPS high resolution spectra of a) O(1s) peak of PAN and M-PAN films; and
b) C(1s) peak of M-PAN-60.
2.3.4 Modeling PAN film surface modification
The percent conversion data were fitted to a Langmuir-Hinshelwood (LH) kinetic
model that is used widely to describe surface reactions and photocatalytic processes [39–
41]. Equations 2.3a and 2.3b show the LH model, in which C (mol m-3) is the
concentration of the nitrile carbon at time t, C0 (mol m-3) is the initial concentration of
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nitrile carbon at t = 0, kr (mol m-3 min-1) is the reaction rate constant, and Ke (m3 mol-1) is
the equilibrium constant.
dC

k K C

r e
− dt = 1+K
C

(2.3a)

e

C

C

0

0

% Conversion = (1 − C ) = (1 − exp [K e C0 (1 − C )] exp[−k r K e t])

(2.3b)

Figure 2.5 shows the experimental data and LH model fit. Non-linear regression
was used to determine the constants by using the bulk molar density of PAN to set C0 =
2.2 × 107 mol/m3. The assumption was that the bulk density of the film represents the
density at the interface. Best-fit values were 4.0 × 10-8 m3/mol and 4.5 × 105 mol/(m3
min1) for Ke and kr. The model suggests that it would take 35 h to achieve 99%
conversion of nitrile to amidoxime groups on the outer surface of the PAN film. The long
reaction time could be mitigated by increasing the reaction temperature. However, the
PAN ultrafiltration membrane that is planned for use has a maximum operating
temperature of 50ºC, hence limiting the reaction temperature to 45ºC for safe use.
2.3.5 Depth dependence of PAN film modification
Additional XPS analysis of M-PAN films was performed to measure conversion
as a function of depth and reaction time. Figure A-3 in appendix A shows the atomic
percentages at different film depths obtained by C60 etching M-PAN film samples. There
is a sharp decrease in oxygen content for all modified films moving away from the film
surface. Further measurements using lower intensity etching were done to analyze
oxygen content in the near surface region and determine the depth dependence on
conversion of nitrile groups to amidoxime groups for all M-PAN films. Figure 2.6 shows
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the percent conversion at various sputter times (i.e. depths) and reaction times. The
ability to prepare a nanothin polyamidoxime layer at the solution interface with precise
control of the selective layer thickness is a great feature of this surface modification
method, since thin film selective layers have been demonstrated to produce alpha spectra
with high peak energy resolution.

percent conversion [(1-C/C0)×100%] (%)

50
45

40
35
30
25
20
15

Experimental data

10

Langmuir-Hinshelwood model

5

0
0

50
100
reaction time (min)

150

Figure 2.5. Kinetic modeling of the conversion of nitrile to amidoxime functional groups
at the outer surface of PAN films.
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% Conversion
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30
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Figure 2.6. Percent conversion of M-PAN films at various sputter times and reaction
times.

2.3.6 Surface roughness
AFM images of the polymer films were taken before and after modification.
Figure 2.7 shows representative images of all four samples. The images show that the
PES and M-PES films have a smoother and more uniform surface morphology than PAN
films. The surface roughness of all samples was measured and quantified by RMS surface
roughness values. All samples were found to have low RMS roughness. Figure 2.8a
shows that PAN and M-PAN films have the same surface roughness within the
measurement uncertainty. PES and M-PES films were analyzed and found to have
surface roughness values directly proportional to the UV irradiation time. Figure 2.8b
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shows that the film surface roughness doubled with 10 min of UV irradiation.
Nevertheless, the difference in surface roughness among these samples is small.
Maintaining a smooth selective layer surface is critical to minimize peak tailing in the
alpha spectrum as alpha particles can lose energy due to interaction with the surface and
by following an indirect path from the surface to the detector. Therefore, the low surface
roughness values indicate that the M-PAN and M-PES films are suitable substrates for
use as alpha spectroscopy substrates to generate low energy tailing spectra.

a

b

c

d

Figure 2.7. Representative images of a) PAN, b) M-PAN-60, C) PES and d) M-PES-8
films. Scale is 10× 10 × 0.01 μm.
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Figure 2.8. RMS surface roughness values of a) PAN and M-PAN films and b) PES and
M-PES films. The error bars represent standard deviation of three measurements with
different samples.

2.3.7 Uranium uptake on M-PAN-60
Batch experiments were conducted to measure uptake isotherms and determine
how binding capacity of the polymer films change with solution pH. Figure 2.9 shows
the experimental sorption isotherm of M-PAN-60. Previous studies on sequestering
uranium from solution using solid phase sorbents have proposed that the uranyl ion
complexes with the amidoxime functional group in 1:1 [103], 1:2 [43–46], 1:3 [108], and
1:4 [48–50] ratios. The amidoxime functional group is reported to be a bidentate
chelating ligand where lone pairs on oxygen and nitrogen coordinate with a central uranyl
ion to form a stable five membered ring complex, as illustrated in Scheme 2.3.
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Scheme 2.3. Binding mechanism for 1:1 complexation of uranyl ion with amidoxime
functional group.
Model fits were used to provide insight on the likely mechanism for uptake on the MPAN surface. We fitted the experimental data to Langmuir and Langmuir-type isotherms
based on 1:1, 1:2, 1:3 and 1:4 uranyl ion/amidoxime complexation. Equation 2.4 was
used to model sorption isotherms for uranyl ion on PAN and M-PAN films which was
derived by assuming 1:2 uranyl ion to amidoxime complexation. Other assumptions are
that a monolayer of amidoxime functional groups are present, all adsorption occurs
through the same mechanism at a given pH value, and no interaction occurs between the
uranyl ions.
qe =

4bCeq q max +1-√8bCeq q max +1

(2.4)

8bCeq
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Figure 2.9. Sorption isotherm s of uranyl ion on M-PAN-60 and PAN at pH 4, 6, and 8.
Symbols represent experimental data. The solid lines represent isotherm model assuming
1:2 mechanism. The error bars represent standard deviations of three measurements with
different samples.
Figure 2.9 shows results from fitting the 1:2 isotherm model to the experimental data,
which resulted in maximum binding capacity values that are unrealistically high as the
qmax values calculated were almost twice the experimental values at equilibrium.
Nonlinear regression was used to fit the experimental data and obtain the isotherm
parameters. Table 2.3 summarizes the results.
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Table 2.3. Parameters for the sorption isotherm model assuming uranyl ion to amidoxime
complexation in a 1:2 binding mechanism.
pH

b (m2 (mmol mM)-1)

qmax (mmol m-2)

4

5707

1.94×10-2 ± 2.10×10-3

6

15144

2.69×10-2 ± 1.06×10-3

8

92300

1.20×10-3 ± 1.15×10-5

Figure 2.10. Sorption isotherms of uranyl ion on a) M-PAN-60 and PAN films and b) MPES-8 and PES films at pH 4, 6, and 8. Symbols represent experimental data. Lines
represent fits to the Langmuir isotherm model. The error bars represent standard
deviations of three measurements with different samples.
The 1:3 and 1:4 isotherm models yielded poor fits to the experimental data. The
1:1 Langmuir isotherm model fit the data well (Figure 2.10a), suggesting 1:1
complexation as a likely mechanism. Equation 4 represents the Langmuir isotherm for
1:1 complexation.
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qe =

bCeq q max

(2.5)

1+bCeq

b (mM-1) is the equilibrium constant, Ceq (mM) is uranyl ion solution concentration at
equilibrium, qmax (mmol m-2) is uptake capacity of the film, and qe (mmol m-2) is uranyl
ion bound at equilibrium. Scheme 2.3 shows the likely binding mechanism. Table 2.4
shows the fit parameters obtained with the Langmuir isotherm.
Table 2.4. Parameters for the Langmuir model fit of the uptake measurements.
pH
4

6

8

b (mM )

185

687

763

qmax (mmol m-2)

8.07×10-3 ± 1.06×10-3

1.09×10-2 ± 1.03×10-3

5.76×10-3 ± 2.65×10-5

-1

M-PAN-60
M-PES-8

b (mM-1)

439
-2

qmax (mmol m )

1953

-3

6.78×10 ± 3.00×10

-4

-2

1.00×10 ± 3.00×10

4800
-4

-3

4.85×10 ± 1.40×10-5

Uranium uptake results indicate that pH of the solution has a significant effect on
the capacity of M-PAN films. The pH dependence can be explained by the possible
isomerization of the amidoxime group that changes with acidity [111]. Metal-assisted
deprotonation of the oxime oxygen was reported, which is likely to enhance sorption with
the positively charged ion [112]. In addition, uranium speciation depends strongly on
solution pH. Figure 2.11 shows uranium speciation as a function of pH calculated using
PHREEQC-3.6.1 software. At low pH values (< 5), free uranyl ion dominates and the
amidoxime remains mostly protonated due to surplus hydronium ion present in the
solution. As pH increases, the oxime group deprotonates, increasing its nucleophilicity
which lends to increased sorption. At high pH values (> 8), the uranyl ion forms anionic
-4
species (UO2 (CO3 )-2
2 and UO2 (CO3 )3 ) and, hence, less sorption is observed.
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Figure 2.11. Speciation of uranium in DI water at different pH values. The data were
calculated using PHREEQC-3.6.1 software and LLNL (Lawrence Livermore National
Laboratory) database.
2.3.8 Uranium uptake on M-PES-8
Figure 2.10b shows sorption isotherm for M-PES-8. The results show strong
dependence on pH as was observed for M-PAN-60. Studies conducted to understand the
binding mechanism of uranium to phosphonate ligands have focused mainly on highly
acidic solutions (pH < 2) [53–55]; hence, there is a lack of robust experimental data at
circumneutral pH values to reach to clear conclusions. However, reasonable postulates
can be made based on speciation of uranium and degree of deprotonation of the
phosphonate ligand at different pH values, as discussed by Duval et al. [116] in their
study on phosphate derivatized resin beads. At pH < 5, the presence of primarily UO22+
ion (see Figure 2.11) and primarily –PO(OH)(O-) ligand create favorable conditions for
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cation exchange. As pH increases to 6, neutral charge molecules UO2CO3 and UO2OH2
become the dominant species, and limited concentrations of UO2(CO3)2-2and UO2OH+
also are present. Even though the highest binding capacity was recorded at this pH, the
binding mechanism is not clear. Possible mechanisms are cation exchange (by UO2OH+),
formation of coordination complexes between neutral charge molecules and deprotonated
phosphonate ligand, and ligand exchange. At pH 8, anionic species (UO2(CO3)2-2 and
UO2(CO3)3-4) are predominant species and ligand exchange is likely the primary
mechanism for binding. Duval et al. [116] explained the steps involved in the ligand
exchange mechanism at pH 8 based on an earlier study [117] and thermodynamic data
generated from density functional theory calculations. To briefly summarize, the
phosphoryl oxygen hydrogen bonds with the water molecule of uranium hydrate followed
by nucleophilic attack of the uranium atom by the electron rich phosphoryl oxygen,
which leads to a coordination complex between the uranium atom and the phosphoryl
oxygen.

2.3.9 Uranium binding kinetics
A kinetics study was conducted to elucidate the form of the rate equation that
describes uranium binding to the functionalized films. Knowledge of binding kinetics is
critical for selecting operating conditions in the design of a rapid screening protocol.
Figure 2.12 shows the results at pH 6 for M-PAN-60 and pH 4, 6, and 8 for M-PES-8.
Unmodified PAN and PES films are included as controls. The results show that diffusion
plays a significant role on uranium sorption. Uptake of uranium from the solution to the
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selective ligand layer on the polymer surface and diffusion from the surface into the bulk
of the polymer film take place simultaneously. Thus, time required to fully load the
reactive films is dependent on both phenomena. Figure 2.12 shows sorption kinetics data
of modified and unmodified polymer films as well as the net uptake by the selective
ligand layer. The differences between the sorption kinetics data for the modified and
unmodified films were calculated to determine the net uptake by the selective layers. The
experimental data were fitted to pseudo-first and pseudo-second order kinetic models
according to Equations 2.6a and 2.6b where k1 (min-1) is pseudo-first order rate constant,
k2 (m2 min-1 mmol-1) is pseudo-second order rate constant, t (min) is contact time, qt
(mmol m-2) is uranyl ion bound to the film at time t, and qe (mmol m-2) is uranyl ion
bound to the film at equilibrium.
ln(q e -q t ) = ln(q e ) -k 1 t
t
qt

=k

1
2
2 qe

(2.6a)

t

+q

(2.6b)

e

Table 2.5 Parameter for the pseudo-second order model fit of the measured kinetics data.
Sample

M-PAN-60

M-PES-8

pH
k2
(m2 min-1 mmol-1)
qe
(mmol m-2)

6

4

6

8

12

110

155

278

1.03×10-2 ± 1.06×10-3

6.39×10-3 ± 1.10×10-4

9.97×10-2 ± 1.09×10-3

2.50×10-3 ± 3.08×10-4
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0.012

0.012

0.01

0.01

0.008
M-PAN pH 6

0.006

PAN pH 6

b

0.008
0.006

pH 4

a

pH 6

0.014

qt (mmol/m2)

Net pH 6

0.004

0.004

Model pH 6

0.002

0.002

0

pH 8

qt (mmol/m2)

0.014

0
-100
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-100
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M-PES pH 6
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Figure 2.12. Sorption kinetics of uranium by a) PAN and M-PAN-60 films and b) PES
and M-PES-8 films. Symbols represent experimental data. Lines represent fits to psuedosecond order kinetic model. Error bars represent standard deviation of three measurement
with different samples.
Pseudo-first order kinetic model parameters were obtained from the slope and y-intercept
of a ln(qe-qt) versus t plot and pseudo-second order model parameters from a t/qt versus t
plot. Pseudo-first order rate plots are shown in Figure 2.13, which show clearly that this
model does not describe the experimental data. Table 2.5 presents the pseudo-second
order constants (qe and k2) obtained for M-PAN-60 and M-PES-8. Figure 2.12 shows
that the pseudo-second order kinetic model describes the experimental data well. In
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addition, uranium sorption capacity values calculated by the pseudo-second order model
compared well to the experimentally determined values. The results imply that the
dominant sorption mechanism is chemisorption, where the uranium complexes with the
selective ligand layer on the polymer surface, and not physisorption [118].

Figure 2.13. Pseudo-first order fit to uranium sorption kinetics data for a) M-PAN-60 at
pH 6, and M-PES-8 at b) pH 4, c) pH 6, and d) pH 8.
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2.3.10 Effect of reactive polymer film preparation on peak energy resolution
High peak energy resolution spectra enable accurate determination of the presence
and isotopic composition of special nuclear material in an unknown sample, which are
critical information in the investigation of illicit enrichment. For such application, it is
desirable to have reactive films with high uptake capacity and uranium affinity that can
produce high peak energy resolution spectra. Such reactive films allow rapid sample
preparation and minimize alpha spectroscopic count time. PAN and PES films were
modified with different reaction time to understand how the selective layer
concentration/thickness effects peak energy resolution and uranium uptake. Table 2.6
shows the results obtained.
Table 2.6. Peak energy resolution of 233U spectra.
Sample
M-PAN-30
M-PAN-60
M-PAN-90
M-PES-3
M-PES-8
M-PES-11

Energy resolution,
FWHM (keV)
35 ± 6
31 ± 1
32 ± 0
35 ± 9
38 ± 0
39 ± 6

M-PAN films were contacted with uranium solution for 3 h before collecting
pulse height spectra to ensure complete loading. The results indicate that the peak energy
resolutions of all the three samples are the same within the measurement uncertainty.
Representative spectra are shown in Figure 2.14. The variation in concentration of
amidoxime functional groups between the three films is too small to affect the peak
energy resolution; however, significant differences were observed in uranium uptake.
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Figure 2.16 shows that the uranium uptake is proportional to reaction time during
modification. Similar results were observed for M-PES films, where all samples resulted
in the same peak energy resolution spectra after 1 h of contact with uranium solution and
the uranium uptake increased with sample irradiation time. The peak energy resolution
remained the same regardless of the sample type mainly because of diffusion of uranium
into the selective layer and bulk film. To support this claim, a second experiment was
performed in which M-PAN and M-PES films were contacted with 4mL uranium
solution for 10 h before collecting pulse height spectra. A significant decline in peak
energy resolution was observed as uranium diffused into the polymer film. Table 2.7
shows the results obtained and Figure 2.15 shows the representative pulse-height spectra.
Alpha particles emitted from within the polymer film lose kinetic energy, hence peak
broadening occurs. Thus, diffusion can have a detrimental effect on peak energy
resolution for batch contact systems. Using flow through methods such as ultrafiltration
to rapidly concentrate uranium on the surface may be expected to overcome this effect.
Table 2.7. Peak energy resolution of uranium-233 spectra collected from M-PAN and MPES films. All samples were loaded with 10 ppm (4.2×10-5 M) uranium-238 and 5 Bq
mL-1 (6.1×10-8 M) uranium-233 solution that was adjusted to pH 6. The samples were
contacted for 10 h and dried with a Kimwipe before collecting pulse height spectra. All
samples were counted for 1 h. The peak energy resolution values were calculated using
Maestro Version 7.01 software and standard deviations were obtained from three
measurements with different samples.
Samples
M-PAN-30
M-PAN-60
M-PAN-90
M-PES-3
M-PES-8
M-PES-11

Energy resolution,
FWHM (keV)
103 ± 2
95 ± 21
98 ± 9
101 ± 3
99 ± 5
107 ± 14
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Figure 2.14. Representative pulse-height spectra of a) M-PAN-60 and b) M-PES-8. The
inset plots show expanded view to illustrate the 238U peak. The films were loaded with 10
mg/L (4.2×10-5 M) 238U and 5 Bq/mL (6.1×10-8 M) 233U solution that was adjusted to pH
6. M-PAN-60 film was contacted for 3 h and M-PES-8 film was contacted for 1 h to
ensure complete loading of the films. The films were pat dried with a Kimwipe before
counting with the alpha spectrometer. All samples were counted for 1 h. Table 5 in the
main document lists the peak energy resolution values calculated using Maestro Version
7.01 software for all M-PAN and M-PES samples.
All experiments for peak energy resolution study were conducted using
concentrations high enough to ensure the maximum film capacity was reached. This
occurs at about 3 mg/L (ppm) uranium for both polymers. The modified films will extract
uranium from solutions below this concentration (Figure 2.10), albeit at lower capacity.
In cases where ultra-trace level detection is needed, a simple preconcentration step (e.g.
using a nanofiltration membrane) can be used to increase the solution concentration non-
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selectively, followed by selective recovery and concentration on the surface of the
reactive films. This two-step process could be done in the field without expensive
equipment or chemical agents.

Figure 2.15. Representative pulse-height spectra of a) M-PAN-60 and b) M-PES-8. The
films were loaded with 10 mg/L (4.2×10-5 M) 238U and 5 Bq/mL (6.1×10-8 M) 233U
solution that was adjusted to pH 6. All samples were contacted for 10 h to evaluate the
effect of diffusion on peak energy resolution. The films were pat dried with a Kimwipe
before counting with the alpha spectrometer. All samples were counted for 1 h.
This chapter did not evaluate the effect of competing ions on uranium
concentration by the reactive films. However, we previously reported the effectiveness of
phosphate polymer modified membranes in the presence of competing ions [119]. In that
study, no change in uranium recovery was observed between samples in deionized water
and synthetic groundwater, demonstrating the selectivity under representative field
conditions. The membranes concentrated uranium (1.4 µg/L) selectively over competitors
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like calcium (10.4mg/L) that were present at 104 higher concentration from near neutral
pH simulated groundwater. Consistent peak energy resolution values further implied that
uranium was retained selectively. Retention of other ions on the membrane surface would
lead to attenuation of alpha particles causing peak tailing and lower resolution, which was
not observed. Several other studies have reported on uranium extraction from seawater
and simulated nuclear industry effluent using amidoxime functionalized materials [60–
62]. Thus, both modified films can concentrate uranium selectively in the presence of
competing ions.
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Figure 2.16. Uranium uptake from 4 mL of 10 mg/L (4.2×10-5 M) 238U and 5 Bq mL-1
(6.1×10-8 M) 233U solution as indicated by measured alpha count rate on M-PAN and MPES films prepared with different methods. Error bars represent standard deviation of
three measurements with different samples.
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Another important factor for alpha spectroscopy counting is uniform distribution
of radionuclide on the film surface [123]. To examine the distribution of uranium on the
modified films, autoradiography imaging was conducted on samples loaded with 5
Bq/mL solution. The images (Figure 2.17) show that the film surface appears to be
coated uniformly based on the limited spatial resolution of the instrument.

Figure 2.17. Autoradiography images of a) M-PAN-60, b) PAN, c) M-PES-8, and d)
PES. The films were loaded with 10 ppm (4.2×10-5 M) 238U and 5 Bq/mL (6.1×10-8 M)
235
U solution adjusted to pH 6. The films were contacted for 10 h and dried with a
Kimwipe before placing in the autoradiography cassette along with the autoradiography
plate. The images were taken after a four-day exposure.
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2.4 Conclusions
Modifying polymer films to impart uranium selectivity was shown to be an effective
method to concentrate uranium for alpha spectroscopy analysis. Characterization of
modified PES and PAN polymer films with respect to reaction time and formulation
provided information on the thickness and composition of the selective layers that was
needed to understand the roles played by these physicochemical properties on uptake
capacity and peak energy resolution. The modification strategies enable precise control
over these properties as may be needed for particular analytical applications. While the
focus of the study was on uranium concentration and detection, the thin-film platform can
be applied more broadly to other targets. As coatings for thin-film composite membranes,
the selective layer must balance competing requirements for performance. It should be
thick enough to bind and concentrate sufficient uranium to keep the alpha spectroscopy
count times low, and be thin enough to rapidly process large volumes of contaminated
ground water using low-pressure filtration. The works reported in chapter 3 and 4 utilized
the findings of this work to guide membrane development and further develop a detection
method for the rapid analysis of radionuclides, particularly special nuclear material, in
water for environmental and nuclear forensics investigations.
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CHAPTER THREE
3. POLYAMIDOXIME-BASED MEMBRANES FOR THE RAPID SCREENING OF
URANIUM ISOTOPES IN WATER
3.1 Introduction
The availability of large stockpiles of nuclear materials at various nuclear sites in
many locations around the world present serious security threats. To counter these
threats, the International Atomic Energy Agency (IAEA) cooperates with various
countries by implementing monitoring systems to flag illicit trafficking and track the
transport of nuclear materials to accomplish non-proliferation objectives [124]. Accurate
and rapid detection of suspected radioactive materials to determine source and
enrichment level is crucial to achieve the IAEA objectives. Developing such capability
can have wide-ranging applications in nuclear forensics, non-proliferation, safeguards,
and law enforcement activities.
Alpha spectroscopy is one of the techniques used for isotopic analysis of
radioactive materials. The low background count and relatively inexpensive equipment
makes alpha spectroscopy suitable for the development of a field portable detection
system. Passivated Implanted Planar Silicon (PIPS) detectors have good detection
efficiency and peak energy resolution [125]. Hence, the major limitation in obtaining
high peak energy resolution is the sample preparation technique. The “gold standard
method” in sample preparation is electrodeposition, which results in peak energy
resolution of ~20 keV FWHM. However, this method is time intensive and expensive
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because of the platinum anode that is used in the electrochemical cell. Thus, alternative
methods are sought for rapid sample preparation and detection.
Commonly applied sample preparation methods involve separating the
radionuclide of interest from other ions present in a solution and mounting where the
radionuclide is deposited on a flat and smooth substrate. Recent advances in separating
uranium for various applications such as nuclear waste treatment, fuel cycle, and energy
source production involve the development and use of various solid sorbents. These
sorbents include inorganic materials (iron oxide-based magnetic sorbents [66–68], silica
[69–70], titania [131–133], and functionalized alumina sorbents [134–136]), metalorganic frameworks [136–139], carbon-based sorbents [140–143], biopolymers [144–
146], and synthetic polymers [147–149]. Advantages of synthetic polymers are that they
can be fabricated in different shapes and forms (beads, membranes, fibers, and fabrics),
and selective ligands can be added to the polymer backbone via polymerization or
chemical reaction.
Several studies reported significant enhancement of uranium uptake from aqueous
media by the addition of uranium-selective amidoxime functional groups to polymeric
sorbents. Shi et al. [150] designed a fabrication method for polyamidoxime porous
network membranes for the extraction of uranium from seawater. The porous network
structure yielded binding capacities of 707  5.8 mg/g from 8 mg/L uranium spiked
seawater and 9.35  0.47 mg/g from natural sea water. Equilibrium was reached after 48
h of contact time. To enhance uranium recovery by amidoxime functional groups, Aguila
et al. [151] designed and evaluated two amidoxime-based ligands (CH2NHAO and
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NH(CH2)2AO where AO stands for amidoxime group) on a porous aromatic framework
substrate. Maximum uranium binding capacities were reported to be 102 mg U/g and 385
mg U/g after 24 h of contact with uranium in deionized water at pH 6. The difference in
binding capacity was attributed to a higher grafting degree and increased flexibility of
NH(CH2)2AO. Zhang et al. [152] modified Nylon-66 fibers to add two amidoxime groups
per repeat unit for uranium extraction from simulated nuclear industry effluents. Sorption
isotherm data were collected after 36 h of contact time at pH 5, and maximum uranium
binding capacity was 21.09 mg U/g. The authors described the binding mechanism as
electrostatic interaction and complexation between the deprotonated oxime, lone pair
electrons on the amino nitrogen, and uranyl ion. These studies have shown that
amidoxime-based sorbent materials are effective in uranium recovery from various
solution matrices. However, these sorbents are not applicable for alpha spectroscopic
analysis since samples with flat and uniform layers of uranium are required for highresolution alpha counting.
To satisfy the requirements for high-resolution alpha spectra, recent studies have
focused on preparing thin polymer film sorbents [71,83,86]. Novel thin film materials
[153] and solvent extractants in a porous support [154] used for isotopic analysis by
thermal ionization mass spectroscopy also have been shown to be effective for generating
high peak energy resolution alpha spectra with minimum peak tailing. Paul et al. [78]
modified a microporous poly(ethersulfone) membrane by grafting a Pu(IV)-selective
phosphate-sulfate bifunctional polymer ligand by ultraviolet polymerization. The
modified membrane was equilibrated with 3 M HNO3 Pu(IV) solution and the peak
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energy resolutions for the 5.16 MeV 239Pu/240Pu peak were determined to be 28-35 keV.
The samples were reported to have greater chemical recovery for Pu(IV) (86  3%) than
U(VI) (78  3%) and Am(III) (7%). The authors attributed the peak tailing observed on
the spectra to the thickness of the grafted bifunctional polymer layer (1-1.5 m), which
caused loss of alpha emission energy. Chapter 2 discusses preparation of uranium
selective polymer thin films on silicon wafers [155]. Polyacrylonitrile (PAN) and
poly(ethersulfone) (PES) thin films were modified to add amidoxime functional groups
(M-PAN) and a phosphoric acid ester-based ligand (poly(phosphoric acid 2-hydroxyethyl
methacrylate ester), M-PES). The modified films were contacted batchwise with uranium
solutions at near neutral pH values (pH 4, 6, and 8). Binding kinetic data indicated that
equilibrium was reached after 3 h of contact time for M-PAN and 1 h for M-PES, after
which the U-loaded films were counted for 1 h with an alpha spectrometer. The peak
energy resolutions ranged from 26 to 45 keV FWHM. These studies have shown that
polymeric sorbents can be effective in concentrating and mounting radionuclides in a
single step on substrates that yield high peak energy resolution spectra. However, these
sorbents can process only limited volumes of solution by batch contact, which limits
sensitivity and increases radioanalysis times. Thus, it is desirable to develop a detection
system with capabilities to process large volumes of solution rapidly, thereby reducing
sample preparation and alpha counting times.
The objective of the work reported in this chapter was to develop polyamidoximebased ultrafiltration (UF) membranes for a rapid concentration and isotopic determination
of uranium by alpha spectroscopy. To achieve this objective, PAN ultrafiltration
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membranes were modified by chemical reaction with hydroxylamine hydrochloride to
convert nitrile groups to amidoxime groups on the membrane surface. Attenuated total
reflectance Fourier-transform infrared spectroscopy and atomic force microscopy were
used to characterize membrane samples with varying degrees of modification. Changes in
membrane permeability were evaluated using constant-pressure filtration measurements
with DI water. Constant-flux filtration experiments were conducted using solutions of
uranium in DI water and simulated seawater. Alpha pulse height spectra of 233U were
collected to assess the effect of competing ions on peak energy resolution. This new
membrane platform for uranium separation and isotopic determination from various
solution matrices will enable the development of field-portable sample screening systems
for rapid assay analysis.
3.2 Experimental section
3.2.1 Materials
Reagents were used as received from MilliporeSigma (St. Louis, MO, USA): ethanol
(reagent grade, 95%), hydroxylamine hydrochloride (NH2OH·HCl, 98%), sodium
carbonate (Na2CO3, ≥99.5%). Hexamethyldisilazane (HMDS), Magnesium sulfate
(MgSO4, anhydrous, reagent grade, 98.0%), and Nitric acid (HNO3, 90%), were
purchased from Fisher Scientific (Pittsburgh, PA, USA). Polyacrylonitrile ultrafiltration
flat sheet membranes (1 m × 1 m) with molecular weight cut offs (MWCOs) of 30, 100
and 400 kDa (PZ, PY, PX) were purchased from Synder Filtration Inc. (Vacaville, CA,
USA). Sodium hydroxide (NaOH, 97+%) were obtained from Alfa Aesar (Tewksbury,
MA, USA). Uranyl nitrate hexahydrate (depleted uranium) was purchased from NOAH
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Technologies Corporation (San Antonio, TX, USA). UltimaGold AB liquid scintillation
cocktail was purchased from PerkinElmer (Waltham, MA, USA). Uranium-233 was
sourced from Eckert & Ziegler (Valencia, CA, USA). Distilled and deionized (DI) water
was prepared using a SuperQ Water System (Millipore, Molsheim, France). Simulated
seawater solution was prepared by adding 36 g sea salt (Instant Ocean, Blacksburg, VA,
USA) to 1 L DI water. Table 3.1 lists the elements and their corresponding
concentrations.
Table 3.1. Composition of simulated seawater from Instant Ocean.
Ion

Chloride
Sodium
Sulfate
Magnesium
Potassium
Calcium
Carbonate/bicarbonate
Bromide
Strontium
Boron
Fluoride
Lithium
Iodide
Barium
Iron
Manganese
Chromium
Cobalt
Copper
Nickel
Selenium
Vanadium
Zinc
Molybdenum
Aluminum
Lead
Arsenic
Cadmium
Nitrate
Phosphate

Instant Ocean
(ppm)
19,290
10,780
2,660
1,320
420
400
200
56
8.8
5.6
1.0
0.3
0.24
less than 0.04
less than 0.04
less than 0.025
less than 0.015
less than 0.015
less than 0.015
less than 0.015
less than 0.015
less than 0.015
less than 0.015
less than 0.01
less than 0.006
less than 0.005
less than 0.004
less than 0.002
None
None

Seawater*
(ppm)
19,353
10,781
2,712
1,284
399
412
126
67
7.9
4.5
1.28
0.173
0.06
0.014
less than 0.001
less than 0.001
less than 0.001
less than 0.001
less than 0.001
less than 0.001
less than 0.001
less than 0.002
less than 0.001
0.01
less than 0.001
less than 0.001
0.002
less than 0.001
1.8
0.2

* Data for seawater values taken from An Introduction to the Chemistry of the Sea.
1998. M.E.Q. Pilson

59

3.2.2 PAN membrane surface modification
PAN ultrafiltration membrane sheets were chemically modified to add amidoxime
functional groups. A membrane sample (13×13 cm) was cut from the middle of the flat
sheet and immersed in DI water for 20 min to remove glycerol, used by the manufacturer
as a membrane humectant. The wetted membrane was mounted on a 15.2 cm diameter
membrane ring holder (Figure 3.1) to ensure that the membrane floats on the reactant
solution during the modification reaction. The reactant solution was prepared by adding
8g of hydroxylamine hydrochloride and 6g of sodium carbonate in 100 mL DI water at
45°C. The reactant solution was degassed for 10 min before contact with the membrane
to minimize bubble formation at the membrane-solution interface. The reaction was
conducted for a specified time from 30 to 90 mins, and modified membrane sheets were
rinsed and stored in DI water.

Figure 3.1. Membrane holder used in the UFPAN modification reaction.
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3.2.3 Attenuated total reflectance Fourier-transform infrared spectroscopy (ATRFTIR)
Membranes were analyzed by ATR-FTIR before and after modification to assess
the degree of surface modification. Spectra were collected using a Spectrum Two FT-IR
Spectrometer (PerkinElmer, Akron, OH, USA). Spectra were collected using 8 scans at a
resolution of 16 cm-1. A background spectrum was collected and saved before measuring
each membrane sample. Data were processed by Spectrum 10 software (PerkinElmer,
Akron, OH, USA).
3.2.4 Atomic force microscopy (AFM)
AFM images were produced from non-contact tapping mode measurements to
visualize the surface topography of original and modified membranes and quantify root
mean square (RMS) surface roughness values. The instrument used was a Bioscope AFM
(Bruker, Inc., Billerica, MA, USA) with Nanoscope IIIa controller. Prior to
measurements, membranes were dried after treating with HMDS by sequentially
immersing them in ethanol, 50:50 HMDS/ethanol, and 100% HMDS for 30 min in each
solution. HMDS has low surface tension; hence, the capillary force during drying are low
and membrane pores remain open. Section 2.2.7 in Chapter 2 provides further details on
the measurement method.
3.2.5 Scanning electron microscopy (SEM)
SEM images of membrane samples were taken using an SU9000 electron
microscope (Hitachi Limited, Tokyo, Japan). The membrane samples were dried by
following the procedure explained in Section 3.2.4. The dried samples were sputter-

61

coated for 30 s with platinum (forming a Pt layer of ~3 nm thickness) using an Anatech
Hummer 6.5 coater (Anatech Limited, Denver, NC, USA). SEM imaging was performed
at an accelerating voltage of 1.5 kV and probe current of 5 μA. ImageJ Java 1.8.0_172
software was used to measure the average pore size of each sample. At least four images
of each sample were taken at different spots and average values of 60 or more
measurements were reported.
3.2.6 Inductively coupled plasma atomic emission spectroscopy (ICP-AES)
MgSO4 and seawater solutions were analyzed on an ICP-AES (Spectro Analytical
Instruments, Germany) equipped with a UV-Plus Purified gas cleaning system with argon
gas flow and a Cetac autosampler. The instrument was calibrated with commercial ICP
standard solutions (purchased from Inorganic Ventures, Christiansburg, VA, USA). A
check standard was analyzed every 35 samples to ensure calibration.
3.2.7 Direct-flow flux measurement
DI water flux measurements of membranes were performed using a Sterlitech
stirred cell (model HP4750, Sterlitech Corporation, Kent, Wa). A 47 mm diameter
membrane coupon was cut and placed into the filtration cell followed by adding 300 mL
of DI water in the cell. The experimental setup was assembled as shown in Figure 3.2.
Transmembrane pressure ranging from 152 kPa to 1407 kPa was applied from a
compressed air cylinder to the three filtration cells. The water flux was calculated at each
pressure and linear regression was applied to the flux versus pressure data to obtain
permeability coefficients. All membrane samples were compacted by flowing 1 L of DI
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water at the highest pressure before taking measurements. Water flux data were taken in
triplicate and average values were reported.

Figure 3.2. Schematic representation of the filtration set up.
3.2.8 Uranium solution flow-through experiment
Uranium solutions in DI water and synthetic seawater were prepared from uranyl
nitrate hexahydrate and uranium-233 tracer and adjusted to pH 4, 6, and 8 with 1M HNO3
and 1M NaOH. A syringe pump (Legato model 100) and Hamilton airtight syringe
(model 721834), purchased from Kd Scientific (Holliston, MA, USA), were used to
process uranium solution through membrane samples. Each membrane coupon was cut to
25 mm in diameter and placed into a Swinnex filter holder (SX0002500, EMD Millipore
Corporation, Billerica, MA, USA). The filter holder containing the membrane was filled
with uranium solution before connecting it to the syringe to prevent membrane dewetting
due to entrapped air. After assembling all parts, a specific flow rate ranging from 200 to
2000 µL/min was set and 10-25 mL uranium solution was processed through a membrane
sample. Finally, the membrane was removed from the filter holder and pat dried with a
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Kimwipe for alpha spectroscopy analysis (described below). During uranium solution
processing, permeate fractions of 800-1000 µL were collected in 6.5 mL liquid
scintillation vials (033423, Fisher Scientific Company, Hanover Park, IL, USA). Each
vial was weighed before and after collecting a sample to determine the volume of
solution. Then, 4 mL of liquid scintillation cocktail was added to each permeate fraction
and shaken thoroughly to mix. The uranium concentrations in the permeate fractions
were determined using a liquid scintillation counter (LSC, Tri-carb model 2910 TR,
Perkin Elmer, Waltham, MA, USA). The data reported represents the average of three
measurements using different membrane coupons.
3.2.9 Alpha spectroscopy
Alpha spectra of uranium-loaded membranes were collected using a 450 mm2
PIPS detector. Membrane samples were mounted on stainless steel planchet and taped
around the edges to prevent curling during measurement. A Canberra alpha spectrometer
(Model 7401, Meriden, CT, USA) chamber was maintained at a vacuum pressure of <
120 Pa using a DuoSeal 1399 pump (Welch Vacuum Technology, Monroe, LA, USA) for
all measurements. A bias of 40 V was applied before starting counts. All samples were
placed 9 mm from the detector and counted for 1 h. Peak energy resolutions were
determined using MAESTRO Version 7.01 software (AMETEK Inc., Berwyn, PA,
USA). All results are average values of triplicate measurements using different samples.
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3.3 Result and Discussion
3.3.1 Attenuated total reflectance Fourier-transform infrared spectroscopy (ATRFTIR)
PAN membrane surface modification was examined by conducting ATR-FTIR
before and after modification. Figure 3.3 shows the spectra collected for UFPAN and
modified UFPAN with the three different reaction times denoted in the sample name
(e.g., UFPAN30 representing 30 min reaction time). The characteristic absorbance at
2242 cm-1 represents the nitrile functional group. This peak was observed to decrease
with increasing reaction time, which indicates the conversion of nitrile groups as the
reaction progressed. The absorbance peaks at 1652 cm-1 and 921 cm-1 are assigned to
C=N and N-O stretching in amidoxime. Both peaks increased significantly as reaction
time increased, further supporting the successful modification of the membrane surface.
The results also agree with previous work where similar modification reactions were
carried out with PAN polymer films and an increase in percent conversion of nitrile to
amidoxime groups was observed with increasing reaction time [155]. The percent
conversion was quantified using X-ray photoelectron spectroscopy to be 21, 34, and 40%
for 30-, 60-, and 90-min reactions.
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Figure 3.3. ATR-FTIR spectra of UFPAN and modified UFPAN membranes.
3.3.2 Membrane surface roughness
Several studies have examined the effect of PAN membrane modification on
surface roughness. Qin et al. [156] performed chemical modification on PAN membranes
using static and pore-flow approaches. The results indicated that membranes prepared
with static modification had similar surface roughness values with unmodified
membranes; whereas, membranes modified with the pore-flow procedure had increased
surface roughness values. Other studies have reported an increase [157] or a decrease
[158] of surface roughness values for PAN membranes after modification depending on
the modification conditions (temperature, time) and type (chemical reaction, ion
irradiation, or plasma treatment). Figures 3.4 shows representative AFM images of
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UFPAN and modified UFPAN membranes in this study. Visual observation of the
images shows that the membranes are smooth, with no noticeable differences among the
samples. Similarly, the RMS surface roughness measurements (Figure 3.5) indicate that
the membrane surfaces are smooth. While average RMS roughness values decreased with
reaction time from 15 ± 2 nm for UFPAN30 to 11 ± 2 nm for UFPAN90, the differences
were not statistically significant at the 95% confidence level. For alpha spectroscopy, it is
desirable to have a smooth surface to minimize alpha particle energy losses due to
collision with irregular surfaces. The low surface roughness values for these membrane
samples are fitting for their application as alpha spectroscopy substrates.

Figure 3.4. Representative AFM images of a) UFPAN, b) UFPAN30, c) UFPAN60, and
d) UFPAN90. Scale is 10× 10 × 0.5 μm.
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Figure 3.5. RMS surface roughness values of UFPAN and modified UFPAN membranes.
Error bars represent the standard deviation of three measurements with different
membrane samples.
3.3.3 Membrane pore size measurements
SEM was used to image the surfaces of membrane samples and average pore sizes
were measured. Figure 3.6 shows representative SEM images of membrane samples.
Figure 3.7 shows the average pore size of each sample. Based on the dried samples
examined, the chemical reaction did not result in a statistically significant change in pore
diameter of the membrane samples. However, the average pore size of UFPAN90 is
larger than the other samples. Membranes modified with 90 min reaction started to show
degradation where small spots of delamination were observed on the membrane surface
which was due to likely a combination of thermal and chemical effect. The safe operating
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temperature for the UFPAN membranes is 50°C, thus exposing the membrane to 45°C
solution for 90 min along with the chemical reaction probably started to cause the
observed change.

Figure 3.6. Representative SEM images of a) UFPAN, b) UFPAN30, c) UFPAN60, and
d) UFPAN90. All samples were prepared from UFPAN with MWCO of 400 kDa. The
common scale is 500 nm.
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Figure 3.7. Membrane pore size values as determined by using ImageJ Java 1.8.0_172
software. All samples were prepared using UFPAN membranes with MWCO of 400 kDa.
Error bars represent standard deviations of more than 60 measurements per membrane.
3.3.4 Direct-flow flux measurements
The effect of chemical modification on membrane permeability was evaluated by
conducting DI water flux measurements. Figure 3.8 shows the results obtained for
various reaction times and UFPAN membranes with MWCOs of 30, 100, and 400 kDa.
Average permeabilities decreased with increasing reaction time, with differences in
permeability becoming significant for 60 min and 90 min reactions. UFPAN membranes
with MWCO of 30 kDa had a low starting permeability coefficient of 2.1 ± 0.6 LMH/bar,
which decreased to 0.7 ± 0.1 LMH/bar after 30 min reaction. Changes in permeability
from further modification of 30kDa PAN membrane were not determined since no flow
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of water was observed for UFPAN60 and UFPAN90 up to an applied pressure of 2134
kPa, which is the safety limit of our experimental setup. We attribute the decreases in
permeability coefficient of PAN membranes with increasing reaction time to reductions
in membrane pore size associated with the addition of mass during the conversion of
nitrile to amidoxime groups, and possibly charge-induced swelling discussed below.
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Figure 3.8. DI water permeability coefficients of UFPAN and UFPAN60 membranes at
different reaction times. Error bars represent standard deviations of three measurements
with different membrane coupons.
3.3.5 Uranium solution flow-through experiments
Flow-through experiments were conducted to evaluate the separation performance
of modified membranes. Due to pH dependance of uranium chemistry, the experiments
were conducted at three near neutral pH values (pH 4, 6, and 8) using UFPAN60
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prepared from original membranes with MWCO of 400 kDa. Figure 3.9 shows the
results obtained from experiments conducted using uranium in DI water. At all pH
values, greater than 98% of the uranium in solution was removed by UFPAN60. For
unmodified UFPAN membrane, uranium concentrations in the permeate (C) increased
with permeate volume and reached nearly complete breakthrough (C/C0 =1, where C0 is
the feed concentration) after processing 10 mL of solution.

Figure 3.9. Flow-through experimental data conducted at 200 µL/min using 2.3 mg/L
(9.7×10-6 M) 238U and 5 Bq/mL (6.1×10-8 M) 233U solution prepared with DI water for a)
UFPAN and UFPAN60 and b) UFPAN-OH membranes. All membrane samples were
prepared from UFPAN with MWCO of 400 kDa. Error bars represent standard deviations
of three measurements from different samples.
To better understand the separation mechanism of uranium by UFPAN60, a batch
uptake experiment was conducted and compared to the results of the flow-through
experiments. For the batch experiment, 5 mL of uranium solution was contacted with
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UFPAN60 for 24 h. Table 3.2 shows the results. At a solution concentration of 2.3 mg/L,
the membrane adsorbed ≥ 99% of the uranium in the solution at all pH values. The
equilibrium solution concentration decreased by two orders of magnitude from the initial
concentration due to the high uranium uptake. Hence, a higher concentration solution (20
mg/L) was prepared in an attempt to obtain equilibrium concentrations of 2.3 mg/L or
greater and allow direct comparison between the batch and flow through methods.
However, significant uptake was obtained even at 20 mg/L, which also was observed by
the color change of the membrane due to the uranium bound to the surface. Figure 3.10
shows the images before and after reaching equilibrium. The result from batch
experiments indicates that the UFPAN60 membranes have high binding capacity, and the
removal of uranium during the flow through study likely is due to chemical sorption and
not physical deposition or size exclusion. This mechanism also is consistent with the
relative size of uranium species in solution compared to the nominal membrane pore size.
Table 3.2. Results from batch uranium uptake on UFPAN60
Initial
solution
concentration
(mg/L)

pH
Equilibrium
U uptake on
UFPAN60
(mmol/m2)
Equilibrium
solution
concentration
(mg/L)

4

2.3
6

4

20
6

8

8

9.8×10-2 ±
6.4×10-4

9.8×10-2 ±
4.9×10-5

9.8×10-2 ±
1.2×10-4

8.2×10-1 ±
2.5×10-3

8.5×10-1 ±
8.0×10-4

7.0×10-1 ±
6.4×10-2

2.0×10-2 ±
1.5×10-2

1.0×10-2 ±
1.2×10-3

1.0×10-2 ±
2.8×10-3

8.8×10-1 ±
5.7×10-2

1.4×10-1 ±
1.9×10-2

3.6 ± 1.5
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Figure 3.10. Representative images of UFPAN60 prepared from UFPAN with MWCO of
400 kDa contacted with uranium solution by batch method for 24 h a) before and b) after
reaching equilibrium. The uranium solution with concentrations of 20 mg/L (8.4×10-5 M)
uranium-238 and 5 Bq mL-1 (6.1×10-8 M) uranium-233 solution was prepared with DI
water.
To further elucidate the separation mechanism, we carried out a hydrolysis reaction in
which UFPAN membranes with MWCO of 400 kDa were treated with the same Na2CO3
concentration (60 g/L) used in preparing amidoxime-modified membranes, but without
adding hydroxylamine hydrochloride. The reaction was conducted for 60 min at 45°C,
and we refer to the Na2CO3 treated UFPAN membranes as UFPAN-OH. Flow-through
experiments were conducted with UFPAN-OH membranes, and Figure 6b shows the
results that UFPAN-OH membranes removed uranium like UFPAN60. To explain this
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result, previous studies on polyacrylonitrile treatments were surveyed. Table 2.3
compares the different treatment approaches.
Table 3.3. Summary of polyacrylonitrile hydrolysis reaction conditions from literature
ref.
42
43
Current study

Na2CO3
600 g/L
60 g/L

KOH
5%
-

pH
13.95
11.39

Reaction
time
10 h
50 min
60 min

Reaction
temperature (°C)
105
50
45

Dyatlov et al. [159] examined the hydrolysis of PAN in Na2CO3 solution. The
reaction was conducted at 105°C with 15 g PAN dissolved in 150 mL water solution
containing 60 g Na2CO3 and 120 g potassium thiocyanate. The authors reported that a
two-stage hydrolysis occurred resulting in carboxylic acid groups as shown in Scheme 1.

Scheme 3.1. Hydrolysis of polyacrylonitrile.
Bao et al. [160] studied hydrolyzed PAN hollow fiber UF membrane prepared
using 5% KOH solution at 50°C. Whereas the pH of the hydrolyzing solutions were
different (KOH at pH=13.95 versus the current study using pH =11.39), both solutions
were strongly basic, and the reaction time was comparable (50 min versus 60 min). Thus,
it is reasonable to expect similar effects from UFPAN treatment. Zeta potential
measurements of PAN and hydrolyzed PAN membranes were done in pure water.
Untreated PAN membranes have net negative charge for all pH values examined (pH 3-
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9). Hydrolyzed PAN membranes have a higher net negative charge that becomes more
negative with increasing pH. The authors attributed the change in surface charge to the
deprotonation of the carboxyl group at higher pH. The deprotonated carboxyl groups
caused the polymer to swell due to Coulombic repulsion, reducing the pore size of the
membrane, which in turn caused a decline in membrane permeability. These findings
explain the results obtained in the current study. The rejection of uranium by the
UFPAN-OH membrane appears in part to be a result of pore constriction due to chargeinduced swelling of UFPAN-OH. However, there may also be contributions related to
solution chemistry. Figure 3.10a shows the uranyl speciation in DI water. At pH 4,
UO22+ is the dominant species in the solution, which can bind to the negatively charged
UFPAN-OH surface via Coulombic attraction. At pH 8, negatively charged species
(UO2(CO3)2-2, UO2(CO3)3-4) are present, and Coulombic repulsion may contribute to the
rejection of uranium. At pH 6 both positively and negatively charged species are present
(UO2(CO3)2-2, UO2OH+), and a combined effect may contribute to uranium capture and
rejection.
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Figure 3.11. Speciation of uranium in a) DI water and b) simulated seawater at different
pH values. Visual Minteq 3.1 software was used to calculate these data.
To quantify the membrane performance for the separation of uranium from water
in the presence of other metal ions, the same conditions (2-3 mg/L, 200 μL/min, pH 8)
were used to process MgSO4 solution through polyamidoxime-modified UFPAN
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membranes with MWCO of 400 kDa. Mg2+ is the most concentrated divalent metal ion in
ground and seawater. The permeate concentrations were determined using ICP-AES.
Table 3.4 shows the results.
Table 3.4. Mg2+ concentration in the permeate after processing 3.1 mg/L Mg solution.
Concentrations were determined using ICP-AES.
Membrane
sample

Permeate
concentration (mg/L)

UFPAN30

3.0

UFPAN60

2.9

UFPAN90

2.6

The rejection of Mg2+ was observed to increase with increasing chemical reaction,
which is consistent with the membrane permeability results (Figure 3.8) where average
permeability coefficients decrease with increasing chemical reaction. Based on these
results, ideal selectivity of UFPAN60 was calculated using Equation 3.1. Ideal
membrane selectivity (αUFM ) is defined as the ratio of rejection of two ions measured
separately under the same conditions. Therefore, a large value of αUFM indicates greater
membrane selectivity for UO22+ over Mg2+.
R

αUFM = R U

(3.1)

M

RU and RM are rejection ratios of UO22+ and Mg2+ by the membrane. The rejection ratio is
defined as the percent mass of a metal ion captured by the membrane during filtration.
The αUFM of UFPAN60 was determined to be 15.2, indicating effective separation. To
further validate the effectiveness of UFPAN60 for separating uranium from solutions
containing other metal ions, simulated seawater solution was prepared, and tests were
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conducted by processing the solution through UFPAN60 membranes and using ICP-AES
to analyze the permeate ion composition. Table 3.1 shows the composition of the
seawater salt used to prepare simulated seawater solution. Table 4.5 shows the
concentration of major dissolved elements in the simulated seawater solution before and
after filtration of 10 mL of simulated seawater solution. The result shows that the
UFPAN60 rejected less than 10% of the mass of all components, which is essential to
generate high peak energy resolution spectra by minimizing energy loss from alpha
particles due to interaction with salt particles.
Table 3.5. Composition of simulated seawater before and after passing through
UFPAN60 membrane. The flow rate was 200 µL/min, and the solution pH was adjusted
to 8.
Concentration (mg/L)
Elements Simulated UFPAN60
seawater permeate
K
Ca
Mg
S
Na

370
259
1401
2318
12521

368
252
1287
2104
12394

Percent
retained
(%)
0.5
2.7
8.1
9.2
1.0

Having demonstrated high ideal selectivity for uranium and minimal retention of other
metal ions, we further evaluated UFPAN60 membrane performance for the separation of
uranium from simulated seawater solution. Figure 3.12 shows the results obtained. Like
uranium in DI water solution, over 96% of the uranium was captured by UFPAN60 for
all pH values; whereas nearly complete breakthrough was attained after processing 10
mL of solution though UFPAN. In both solution matrices, pH 6 solution resulted in the
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highest rejection of uranium; whereas results from pH 4 and 8 solutions had no statistical
difference. This result is consistent with our previous study (discussed in Chapter 2)
conducted on amidoxime-modified PAN thin film polymer (similar modification with 60
min reaction), which showed that the highest uranium uptake capacity was obtained for a
solution at pH 6 [155]. Interestingly, the separation performance of a UFPAN-OH
membrane was tested using uranium in seawater solution. The results (Figure 3.12b)
were the same as the unmodified UFPAN membrane likely because of charge screening
caused by the presence of a high concentration of salt ions. The effective removal of
uranium by UFPAN60 likely was due to the binding mechanism which was discussed in
a previous work, where the oxygen and nitrogen on the amidoxime group coordinate with
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uranium forming a stable 1:1 uranyl ion/amidoxime complexation [155].

Figure 3.12. Flow-through experimental data for a) UFPAN and UFPAN60 and b)
UFPAN-OH membranes prepared from 400 kDa UFPAN. All experiments were
conducted at 200 µL/min using uranium solution prepared with simulated seawater. Error
bars represent standard deviations of three measurements from different samples. Some
error bars are smaller than symbols.
The effect of flow rate on membrane separation performance was investigated by
processing uranium in simulated seawater solution at flow rates up to 2000 µL/min.
UFPAN60 prepared from UFPAN with MWCO of 400 kDa were used for these
experiments. Figure 3.13 shows the results, which indicate that the flow rate had no
significant effect on the separation performance of the membrane up to 2000 µL/min.
These results indicate that the characteristic time of the reaction is smaller than the
residence time at the specified flow rates. Flow rate independent uranium separation can
be achieved as long as reaction rate is greater than mass transfer rate. Damköhler number
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(Da), which is the ratio of the rate of reaction to the rate of convective mass transfer, is
often used to determine the rate limiting step. If Da is significantly less than 1, then the
convective mass transfer rate is greater than the reaction rate and the chemical reaction is
the rate limiting step. In the contrary, if Da is significantly greater than 1, then the
reaction rate is greater than the mass transfer rate, and the process is mass transfer
limited. Based on the results, the current study belongs to the latter.
1
0.9
0.8

C/C0

0.7
0.6

2000 µL/min

0.5

1000 µL/min

0.4

200 µL/min

0.3
0.2
0.1
0
0

5000

10000 15000 20000

Volume (µL)
Figure 3.13. Flow-through experimental data for UFPAN60 prepared from UFPAN
membranes with MWCO of 400 kDa. Uranium solution with concentrations of 2.3 mg/L
(9.7×10-6 M) 238U and 5 Bq/mL (6.1×10-8 M) 233U prepared using simulated seawater
solution. Error bars represent standard deviations of three measurements from different
samples. Some error bars are smaller than symbols.
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3.3.6 Peak energy resolution
From the flow-through experimental results, we can presuppose that the peak
energy resolution depends strongly on volume of solution processed since high removal
of uranium by the UFPAN60 membrane was observed. To demonstrate this phenomenon,
4, 10 and 20 mL of 2.3 mg/L uranium solution was processed through three different
UFPAN60 membranes. Figure 3.15 shows the spectrum collected from each sample. The
samples loaded with 4, 10, and 20 mL of uranium solution resulted in FWHM values of
34, 138, and 225 keV. The spectra show that peak tailing increased with uranium loading
due to attenuation of alpha particles that were emitted from inside the uranium layer on
the surface (and perhaps inside the membrane). Visible accumulation of uranium was
observed on the membrane surface as more volume of uranium solution was processed
(see Figure 3.14). For further investigation on factors affecting peak energy resolution, a
less concentrated solution (0.23 mg/L (9.7×10-7 M) 238U and 5 Bq/mL (6.1×10-8 M) 233U)
was used to observe and quantify changes in peak energy resolution.

Figure 3.14. Images of UFPAN60 samples prepared from UFPAN with MWCO of 400
kDa and loaded with a) 4 mL, b) 10 mL, and c) 20 mL of 2.3 mg/L (9.7×10-6 M) 238U and
5 Bq/mL (6.1×10-8 M) 233U solution that was loaded at a flow rate of 200 µL/min.
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Figure 3.15. Pulse-height spectra of UFPAN60 prepared from 400 kDa original
membrane loaded with a) 4 mL, b) 10 mL, and c) 20 mL of 2.3 mg/L (9.7×10-6 M) 238U
and 5 Bq/mL (6.1×10-8 M) 233U solution loaded at a flow rate of 200 µL/min. The
samples were counted for 1 h with the alpha spectrometer. Peak energy resolution values
were calculated using Maestro Version 7.01 software.
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The effect of solution matrix and degree of modification on peak energy
resolution were investigated. Table 3.6 summarizes the results obtained. The presence of
multiple ions in the solution did not have a statistically significant effect on peak energy
resolution of 233U pulse height spectra. However, Figure 3.16 shows that when uranium
in seawater solution was processed, the alpha peak height decreased and peak tailing
increased, which was observed for all experiments. Therefore, to quantify this observable
difference, the peak width at 10% maximum width (FW.1M) of the spectra were
calculated. The results listed in Table 3.6 show a pronounced effect of the solution
matrix on FW.1M due to peak tailing. Even though high percentages of the ions in the
simulated seawater solution pass through UFPAN60 membranes (Table 3.4), some
material appears to accumulate on the uranium rejected by the membrane. Thus, some of
the alpha emissions from the uranium nuclei interact with the retained material before
reaching the detector, causing peak tailing.
Table 3.6. Summary of peak energy resolution data in FWHM and FW.1M of 233U
spectra from DI and simulates seawater sample.
Solution
matrix
Peak energy
resolution
(keV)
UFPAN30
UFPAN60
UFPAN90

DI water

Simulated
seawater

FWHM

FW.1M FWHM

FW.1M

30 ± 3
24 ± 2
24 ± 3

82 ± 5
63 ± 9
68 ± 7

216 ± 62
160 ± 34
137 ± 22

59 ± 28
32 ± 6
33 ± 5

85

Figure 3.16. Representative pulse-height spectra of UFPAN60 prepared from UFPAN
with MWCO of 400 kDa loaded at 200 µL/min with 4 mL of 0.2 mg/L (9.7×10-7 M) 238U
and 5 Bq/mL (6.1×10-8 M) 233U solution prepared using a) DI water, b) seawater, and c)
seawater solution followed by a wash step. The wash was done with 10 mL of DI water
adjusted to pH 6 at a flow rate of 1mL/min. All samples were counted for 1 h. The peak
energy resolution values were calculated using Maestro Version 7.01 software.
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To mitigate the peak energy resolution loss due to the presence of other ions, an
additional washing step was introduced to the uranium loading protocol. The goal was to
wash off any salt deposited on the membrane surface loaded with uranium. Figure 3.16c
shows the representative spectrum collected after washing a uranium loaded UFPAN60
membrane with 10 mL of DI water adjusted to pH 6. The results show that the wash step
did not improve or affect in any way the spectrum which was due to likely the salt
particles precipitated on the membrane surface.
Calculations were carried out using the results discussed above to determine the
time it takes to process various uranium samples and identify enrichment levels. The
main considerations for the calculations are the filtration and sample counting time. The
filtration times were determined using the permeability coefficient shown in Figure 3.8
(26 LMH/bar for UFPAN60) and a transmembrane pressure of 103 kPa which can be
applied easily using cordless, portable air pumps. The uranium percent removal and the
detection efficiency of the PIPS detector were determined to be 95% and 10%. Table 3.7
shows the total analysis time required to obtain an uncertainty in activity of 3% or less
based on counting statistics (>1000 counts) for the 235U peak in a count time of 1 h. The
results indicate that the sample volume and analysis time required decrease with
increasing enrichment level. The required analysis time can be decreased further by
increasing the membrane area. For instance, increasing the UFPAN60 membranes from
25 mm diameter to 45 mm diameter would decrease filtration time by almost half.
Moreover, by using a more powerful pump, higher pressure can be applied to decrease
filtration time. Studies have reported also the use of isotopic ratios to determine
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enrichment levels, age, and contamination using gamma and alpha spectroscopy [161–
164]. Thus, using similar technique and increasing the counting statistical error to a
reasonable value allow to determine enrichment level with fewer count and reduced time.
Table 3.7. Sample volume and analysis time required to process various uranium samples
using UFPAN60 prepared from UFPAN with MWCO off 400 kDa.

Enrichment
level
Natural
uranium
Low-enriched
uranium
High-enriched
uranium

Volume of solution
required to obtain 3%
uncertainty in 235U
activity concentration
U-235
based on counting
concentration statistics alone for a 1 hr
(mg/L)
count time (mL)

Filtration
time (h)

Total
analysis
time (h)

0.0072
0.05
0.2

4989
718
180

12
1.7
0.4

13
2.7
1.4

0.9

40

9.3 × 10-2

1.1

The results from Table 3.7 were obtained for a uranium solution with a
concentration of 1 ppm. However, uranium in groundwater has a wide-ranging value
[165,166]. A study conducted at different sites in northeastern Washington resulted in a
concentration ranging from <1 to 88,600 µg/L. To illustrate how the solution
concentration changes sample volume required, Table 3.8 lists a more comprehensive
result.

88

Table 3.8. The volume (mL) of uranium solution required to obtain 3% uncertainty in
235
U activity concentration based on counting statistics alone in 1h count time using
UFPAN60 prepared from UFPAN with MWCO of 400 kDa.
Sample concentrations (ppm)
Enrichment
level (%)
5
10
20
30
40
50
60
70
80
90

0.01
71842.18
35921.09
17960.54
11973.70
8980.27
7184.22
5986.85
5131.58
4490.14
3991.23

0.1
7184.22
3592.11
1796.05
1197.37
898.03
718.42
598.68
513.16
449.01
399.12

1
718.42
359.21
179.61
119.74
89.80
71.84
59.87
51.32
44.90
39.91

10
71.84
35.92
17.96
11.97
8.98
7.18
5.99
5.13
4.49
3.99

100
7.18
3.59
1.80
1.20
0.90
0.72
0.60
0.51
0.45
0.40

3.4 Conclusions
The facile modification of commercial UFPAN membranes was described and
selective separation of uranium from aqueous samples was demonstrated. Amidoximemodified UFPAN membranes allowed high throughput processing of samples with
flowrate-independent separation, which makes it a powerful tool for rapid onsite
screening of environmental samples. Modified UFPAN membranes were shown to have
smooth surfaces that are desirable to generate high peak energy resolution spectra. Ideal
selectivity of UFPAN60 was evaluated using MgSO4 solution, and uranium in simulated
seawater solution was used to examine its influence on the separation performance of the
membrane. The peak energy resolution of the spectra collected was dependent strongly
on the volume of the solution processed due to the high separation performance of the
membrane. Presence of competing ions in a solution was observed to decrease the peak
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energy resolution spectra as peak tailing forms due to alpha energy loss. The modified
membrane allows isotopic detection of environmental samples in as fast as 1-3 h
depending on the sample enrichment level given sufficient volume of solution. Overall,
findings from this study show that polyamidoxime-based membranes can be used to
separate uranium from low concentration solutions for rapid alpha spectroscopy
screening before off site laboratory analysis.
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CHAPTER FOUR
4. PHOSPHATE-BASED REACTIVE MEMBRANES FOR URANIUM ISOTOPIC
SCREENING
4.1 Introduction
Several laboratory-based analytical techniques, such as inductively coupled
plasma mass spectroscopy and thermal ionization mass spectroscopy, are employed for
accurate assay analyses of samples containing special nuclear material. Despite their
effectiveness, these techniques require large equipment and laborious sample preparation
methods. Thus, simple and portable detection methods are of great importance to
complement the existing techniques and reduce the analytical burden by prescreening
suspicious samples and identifying those that need further analysis.
Alpha spectrometry is a good candidate for such screening purposes as it employs
small Passivated Implanted Planar Silicon (PIPS) detectors (450 mm2). Some of the latest
alpha spectrometers include multichannel analyzers that are made in a relatively small
size (25×27×37 cm) and do not require an external computer (standalone system), which
makes them suitable for field use for applications that do not require high peak energy
resolution [167]. However, sample preparation methods for alpha spectrometry require
multiple steps that involve purification, concentration, and sample mounting. Common
methods include electrodeposition, liquid-liquid extraction, coprecipitation, and
evaporation. A rapid and simple sample preparation method for use in the field would
improve screening efforts for environmental control and nuclear forensics investigations.
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Several studies have shown that solid-liquid extraction using sorbents with
organophosphorus ligands is effective for uranium separation from various aqueous
matrices such as groundwater [168], seawater [168,169], and nuclear waste
[168,170,171]. Cali et al. [172] synthesized crystalline magnetite (Fe3O4) nanoparticles
by thermal decomposition and functionalized the surface with a phosphate ligand using a
ligand exchange reaction. Uranium batch sorption experiments conducted at pH 7
resulted in maximum binding capacities of 1690 mg/g sorbent. The authors compared the
sorption capacity with other nanoparticle-based sorbents and showed that the phosphate
functionalized sorbents have the shortest equilibration time (60 s) and the highest binding
capacity, which was attributed to multiple layers of negatively charged phosphate
functional groups. The sorbents also were reported to be selective for uranium in the
presence of other competing ions such as Mg(II), Ca(II), and Sr(II), widely present in
industrial waste waters, with 100% removal of uranium from a 20 mg/L solution after 1
min of batch contact. Yuan et al.[173] prepared a magnetic Fe3O4 sorbent bearing grafted
polymer chains containing phosphine oxide for uranium extraction. Batch uptake
experiments conducted at pH 4.5 revealed that the maximum binding capacity was 413.2
mg/g, and kinetic studies showed a rapid uptake for the first 45 min of contact time, after
which small change was observed. Uranium selectivity was quantified by calculating the
percent captured in the presence of 14 other metal ions and was reported to be 95.8%. Xray photoelectron spectroscopy data analysis indicated that P=O was responsible for
uranium complexation; whereas, density functional theory calculations showed that the
most stable binding mechanism was a 1:2 ratio of uranyl ion to phosphoryl oxygen
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groups anchored on two distinct graft chains. The results from these studies show the
effectiveness of phosphorus-based sorbents for selectively binding uranium from water.
However, source samples for alpha spectroscopy counting should have smooth and flat
surfaces to minimize energy loss of alpha particles and obtain spectra with high peak
energy resolution.
Functionalized polymer films provide binding sites to capture radionuclides from
solution within a thin layer that can be positioned adjacent to the alpha particle detector,
yielding spectra with high peak energy resolution [71,83,155]. Mhatre et al. [68] grafted a
phosphate bearing thin film from the surface of a glass substrate by photo-initiated
polymerization resulting in a film thickness of 10-15 nm. The authors reported
preferential sorption of mixPu(IV) over 233U(VI) from 3 M HNO3 solution. After loading
the film with a solution containing three times higher alpha activity of 233U(VI) than
mix

Pu(IV), alpha peak counts from 233U were measured to be 18 times lower than 239,240Pu

peak counts. Kinetic studies of Pu(IV) sorption showed that 95% of uptake occurred
within 6 h of contact time. Even though the peak energy resolutions were not reported,
the spectra contained well-defined peaks with minor peak tailing from 239,240Pu and 233U.
Gonzáles et al. [72] prepared polymer ligand films by depositing a solution comprising
bis(2-ethylhexyl) methanediphosphonic acid and polystyrene in tetrahydrofuran on metal
surfaces followed by solvent evaporation. The films were contacted batchwise with a
urine sample spiked with Am and Pu. After 1 h of contact time, percent recoveries of
9.5% and 0.66% were obtained for Am and Pu. A peak energy resolution of 30 keV
reported as full-width half maximum (FWHM) was obtained for both radionuclides.
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These studies demonstrate that polymer films are useful for films for sample preparation
for isotopic analysis by alpha spectrometry. However, to obtain statistically valid results,
the films require long contact times to reach equilibrium or to obtain sufficient uptake,
which is needed for short alpha spectroscopy counting times. Moreover, batch contact
with a limited volume of solution reduces the measurement sensitivities of the polymer
films.
To overcome these challenges, Husson and coworkers have synthesized
polymeric membranes for rapid alpha spectroscopy sample preparation using a
flowthrough approach [119,174–176]. Foster et al. [174] composite membranes by
casting copolymer solutions onto ultrafiltration membranes. The copolymer solutions
were prepared by radical polymerization of various Pu-binding monomers (diethyl allyl
phosphonate, vinyl phosphonic acid, ethylene glycol methacrylate phosphate (EGMP))
with methyl methacrylate and 4-methylstyrene (a.k.a. vinyltoluene, VT). 242Pu solution
was filtered through the membranes by applying a transmembrane pressure of 500 kPa,
which resulted in the highest percent uptake of 10.2 ± 4.2% for poly(EGMP-co-VT)
coated membranes. Alpha spectroscopy counting yielded unique spectral tailing where
further experimental analysis indicated the immobilization of radionuclides on the active
layer as well as the support membrane. Darge et al. [175] modified polyacrylonitrile
(PAN) ultrafiltration membranes to add amidoxime functional groups that enabled
selective separation of uranium from simulated seawater by filtration, with a capture
efficiency of uranium of greater than 95%. Batch uptake experiments were performed to
elucidate the possible binding mechanism(s) that resulted in high capture efficiency. The
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experiments were conducted at uranium concentrations of 2 and 20 mg/L to cover a wide
concentration range and high uranium uptake was obtained for both concentrations which
indicated that the membrane has high uranium affinity. Based on the large nominal pore
size of the membranes (6±2 nm) relative to uranyl species in solution, it was concluded
that the main separation mechanism during the flowthrough loading system likely was
chemical binding and not size exclusion or physical deposition. The peak energy
resolutions of alpha spectra generated from the uranium-loaded modified membranes
were observed to depend strongly on the volume and/or concentration of the solution, as
well as the solution matrix. Processing 4 mL of 0.2 mg/L uranium in DI water and
seawater resulted in high peak energy resolutions of 24 ± 2 and 32 ± 6 keV FWHM.
However, samples prepared from uranium in seawater resulted in significant peak tailing.
Thus, full width at 10% maximum (FW10%) of the spectra were calculated to quantify the
influence of solution matrix. Even measurements of FW10%, provided high peak energy
resolutions of 63 ± 9 and 160 ± 34 keV. The study demonstrated that it would take less
than 3 h of analysis time (including purification and concentration by filtration and alpha
spectroscopy count time) to screen enriched samples given sufficient volume is available.
The objective of the work reported in this chapter was to develop phosphate-based
reactive membrane for the selective separation of uranium from seawater. The reactive
membranes were prepared by ultraviolet (UV)-initiated radical polymerization of
phosphoric acid 2-hydroxyethyl methacrylate ester poly(PAHME) from polyethersulfone
ultrafiltration (UFPES) membranes. The membranes were exposed to different doses of
UV energy to vary the mass of polymer grafted from the membrane surface. Constant-
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flux filtration experiments were conducted using uranium solutions prepared with DI and
seawater. Theoretical models were fitted to the experimental breakthrough data, revealing
maximum binding capacities and reaction rate constants and compared with previously
reported experimental batch uptake data. This study offers a simple method for uranium
purification and concentration from aqueous solutions using a membrane that can serve
directly as a sample substrate for isotopic analysis by alpha spectroscopy. The method
can be used as part of a rapid, field portable prescreening system to down select samples
needing more comprehensive laboratory-based analyses.
4.2 Experimental section
4.2.1 Materials
Ethanol (reagent grade, 95%) and UFPES membranes with molecular weight cut
offs (MWCO) of 50, 100, and 500 kDa (CAT# PBQK04310, PBHK04310, and
PBVK04710) were purchased from MilliporeSigma (St. Louis, MO, USA).
Hexamethyldisilazane (HMDS), nitric acid (HNO3, 90%), phosphoric acid 2hydroxyethyl methacrylate ester (PAHME, 90%), and sodium hydroxide (NaOH, 97%)
were obtained from Fisher Scientific (Pittsburgh, PA, USA). UltimaGold AB liquid
scintillation cocktail and uranyl nitrate hexahydrate (depleted uranium) were purchased
from NOAH Technologies Corporation (San Antonio, TX, USA). Uranium-233 was from
Eckert & Ziegler (Valencia, CA, USA). Distilled and deionized (DI) water was prepared
using a SuperQ Water System (MilliporeSigma).
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4.2.2 UFPES membrane modification
UV-initiated radical polymerization was used to modify UFPES membranes in a
nitrogen atmosphere glove box with an oxygen concentration of <1 ppm A monomer
solution was prepared with a concentration of 8 g/L PAHME in ethanol. A membrane
sample was placed in a glass petri dish and 4 mL of the monomer solution was pipetted
on the membrane. A rubber o-ring was placed on the membrane and covered with a
second petri dish to ensure complete immersion of the membrane in the monomer
solution. Samples were irradiated using a UV lamp (UVP XX-15 M 95-0042-08,
Analytik Jena US LLC, Upland CA, USA) with a wavelength of 302 nm and intensity of
2770 µW/cm2. The distance between the lamp and membrane surface was 8 cm. The
membrane samples were irradiated for 2, 5, and 7 min corresponding to energy doses of
3, 8, and 11 kJ/m2. Hence, we refer to these samples as UFPES3, UFPES8, and
UFPES11.
4.2.3 Attenuated total reflectance Fourier-transform infrared spectroscopy (ATRFTIR)
The surfaces of UFPES and modified UFPES were analyzed using ATR-FTIR
spectroscopy to evaluate modification. Spectra were collected using a Spectrum Two FTIR Spectrometer (PerkinElmer, Akron, OH, USA). Each spectrum was collected at 8
scans at a resolution of 16 cm-1. A background spectrum was collected and saved before
measuring each membrane sample. Data were processed by Spectrum 10 software
(PerkinElmer, Akron, OH, USA).
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4.2.4 Atomic force microscopy (AFM)
AFM images of membrane samples were obtained using a Bioscope AFM
(Bruker, Inc., Billerica, MA, USA) with Nanoscope IIIa controller. The samples were
pretreated by immersing sequentially in HMDS/ethanol solutions before air drying to
prevent pore collapse. Further details on sample preparation and instrument settings are
described in Section 3.2.4. Bruker Nanoscope software version 5.32R1 was used to
determine surface roughness of membrane samples, and average root mean square (RMS)
roughness values of four random areas were reported.
4.2.5 Scanning electron microscopy (SEM)
Membrane surfaces were analyzed using an SU9000 SEM (Hitachi Limited,
Tokyo, Japan). The membrane samples were treated with HMDS before drying to
preserve pore structure. Membrane pore diameters were measured using ImageJ Java
1.8.0_172 software and average values of at least 60 random areas were reported. Further
details on experimental setup are described in Section 3.2.5.
4.2.6 Direct-flow flux measurements
Flux measurements were performed using a 50 mL Amicon ultrafiltration cell
(Amicon Bioseparations, Jaffrey, NH, USA). Membrane coupons with 47 mm diameter
were modified and a 25 mm diameter sample was cut from the center of the membrane
coupon for permeability measurements to avoid using any unmodified region near the
edge that was covered by the o-ring during polymer grafting. DI water was processed
through membranes by applying a transmembrane pressure ranging from 69 kPa to 345
kPa from a compressed air cylinder. All membrane samples were compacted for 20-30
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min at 345 kPa before taking measurements. The detailed experimental set up and
permeability coefficient calculation methods are described in Section 3.2.7. Water flux
data were average values of triplicate measurements.
4.2.7 Uranium dynamic binding measurements
Binding capacity measurements were conducted using uranium in DI and
seawater solutions at pH 4, 6, and 8. Uranium solutions were prepared using depleted
uranium from uranyl nitrate hexahydrate and 233U tracer. Solution pH was adjusted using
1 M NaOH and 1 M HNO3 and measured using an Orion pH meter (model 420A,
Thermo Fisher Scientific, Marietta, OH, USA). A membrane sample was placed into a
Swinnex filter holder (SX0002500, EMD Millipore Corporation, Billerica, MA, USA)
followed by filling the holder with uranium solution. A syringe pump (Legato model 100)
was used to apply pressure to a 10 mL Hamilton airtight syringe (model 721834)
containing the uranium solution. Both the syringe and the syringe pump were purchased
from Kd Scientific (Holliston, MA, USA). Figure 4.1 shows the schematic representation
of the experimental setup. Permeate fractions of 1 mL were collected using 6.5 mL liquid
scintillation vials (033423, Fisher Scientific Company, Hanover Park, IL, USA) and
counted using a liquid scintillation counter (LCS, Tri-carb model 2910 TR, Perkin Elmer,
Waltham, MA, USA). Average values of triplicate measurements were reported. More
details on permeate fraction collection and concentration measurements were explained
in Section 3.2.8. Breakthrough data were fitted to theoretical models to determine
reaction rate or equilibrium constants.
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Figure 4.1. Schematic representation of the flowthrough filtration experimental set up.
4.2.8 Alpha spectroscopy
Isotopic analyses of uranium-loaded membranes were conducted using a Canberra
alpha spectrometer (model 7401, Oak Ridge, TN, USA). A membrane sample was placed
on a stainless steel planchet and taped around the edge to prevent curling during the
counting. The alpha spectrometer chamber was maintained at a pressure of < 120 Pa
using a DuoSeal 1399 pump (Welch Vacuum Technology, Monroe, LA, USA) for all
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measurements. The detector was energy calibrated using a standard radionuclide source
(Eckert & Ziegler Analytics, Valencia, CA, USA) containing 238U, 234U, 239Pu, and 241Am
electroplated on a 24.1 mm diameter stainless steel disk. All samples were placed 9 mm
from the detector and a bias of 40 V was applied before starting the count. The peak
energy resolutions of the spectra were calculated using MAESTRO Version 7.01
software (AMETEK Inc., Berwyn, PA, USA). All results are average values of triplicate
measurements using different samples.
4.3 Results and Discussion
4.3.1 Membrane surface modification
Figure 4.2 shows the ATR-FTIR spectra collected for UFPES and modified
UFPES membranes. The characteristic peak at 1725 cm-1 is assigned to the carbonyl
group of PAHME, which was observed to increase with increasing irradiation energy,
supporting successful polymerization from the membrane surface. Similarly, a peak at
980 cm-1 assigned to the phosphoryl group increased with increasing irradiation energy.
While no grafted layer thickness measurements were made directly on the membranes, a
same polymerization reaction conducted on thin PES films yielded grafted layer
thickness of 14 ± 3, 21 ± 4, and 31 ± 2 nm from PES films modified with energy doses of
3, 8, and 11 kJ/m2 [155].
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Figure 4.2. ATR-FTIR spectra of UFPES and PHME-modified UFPES membranes.
4.3.2 Membrane surface roughness
AFM images of UFPES and modified UFPES membranes were taken to visualize
surface topography. Figure 4.3 shows representative images. The RMS surface
roughness values were calculated to quantify any change due to polymerization. Figure
4.4 shows that the surface roughness values decreased with irradiation energy dose. To
evaluate the significance of these changes, single factor ANOVA test followed by paired
t-test were conducted. The results indicated that the differences were statistically
significant, and Table 4.1 presents the comparisons among the samples. Other studies
conducted on PES membrane modification by UV-initiated polymerization reported a
decrease [177,178], no to little change [179,180], and more often an increase [181,182] in
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surface roughness of membranes after modification. Taniguchi et al. [97] investigated the
effect of UFPES membrane modification on surface roughness of the membrane and
reported that at high UV irradiation energy dose (>10-12 kJ/m2), the surface irradiation
increased with energy dose, whereas at low energy dose (2-12 kJ/m2), surface roughness
decreases with irradiation energy dose. These differences were attributed to the
dominance of chain scission at high energy doses, whereas photografting dominates at
low energy dose. In the present study, since all samples were exposed to low irradiation
energy doses (<12 kJ/m2), the results are consistent with the findings of Taniguchi et al.
[97]. For exposure at all energy doses, the membrane surface roughness remained low,
which is beneficial to obtain alpha spectra with high peak energy resolution by
minimizing energy loss of alpha emissions that could be caused by collision with
irregular surfaces.

Figure 4.3. Representative AFM images of a) UFPES, b) UFPES3, c) UFPES8, d)
UFPES11. All samples were prepared from UFPES with MWCO of 500 kDa. Scale is 10
× 10 × 0.5 μm.
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Figure 4.4. RMS surface roughness values of UFPES and PAHME-modified UFPES
membranes. All samples were prepared from UFPES with MWCO of 500 kDa. Error
bars represent the standard deviation of three measurements with different membrane
samples.
Table 4.1. Results of paired t-test for membrane surface roughness. All samples were
prepared from UFPES with MWCO of 500 kDa.
Group 1 Group 2
UFPES UFPES3
UFPES UFPES8
UFPES UFPES11
UFPES3 UFPES8
UFPES3 UFPES11
UFPES8 UFPES11

Two-tailed
P value
0.3770
0.0710
0.0123
0.0001
0.0156
0.1139

Result of difference
Not statistically significant
Not statistically significant
Statistically significant
Statistically significant
Statistically significant
Not statistically significant

4.3.3 Membrane pore size
SEM images of membrane surfaces were taken to determine the active layer
membrane pore sizes of samples prepared from UFPES with MWCO of 500 kDa. Figure
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4.5 shows the representative SEM images, and Figure 4.6 shows the average measured
pore size values. The membrane modification did not result in a statistically significant
difference in the membrane pore size. In a previous work [155], the same polymerization
reaction conducted using PES thin films at energy dose ranging from 3 to 15 kJ/m2
resulted in graft layer thicknesses ranging from 14 to 42 nm and no observable change on
the film was observed. But at an energy dose of 15 kJ/m2, visible cracks due to
degradation were observed. Therefore, since energy doses up to 11 kJ/m2 were applied in
this study, a significant change on the membrane structure was not expected. Hence, the
results were consistent with the previously reported data in that neither grafted polymer
nor irradiation energy dose resulted in measurable changes on average pore size values.
However, UV irradiation caused some pores on the outermost surface to enlarge, likely
due to cleavage of the C-S bond, which is a phenomenon discussed by Taniguchi et al.
[97]. As a result, modified membranes appear to have larger pores at the outermost
surface; whereas the pores just below were less affected. As a result, the error bars for the
modified membranes were larger than that of unmodified UFPES.
4.3.4 Direct-flow flux measurements
The effect of graft polymerization on membrane permeability was studied using
UFPES membranes with different MWCO. Figure 4.7 shows the measured permeability
coefficients calculated according to Equation 4.1.
L

L

J (m2 h) =A (m2hbar) ∆P (bar)

(4.1)
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Figure 4.5. Representative SEM images of a) UFPES, b) UFPES3, c) UFPES8, and d)
UFPES11. All samples were prepared from UFPES with MWCO of 500 kDa. The
common scale is 1 µm.
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Figure 4.6. Membrane active layer average pore size as determined using ImageJ Java
1.8.0_172 software. Error bars represent standard deviations from measurements taken
from at least 60 random spots on the membrane surface.
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Water flux (J) was measured experimentally, and the permeability coefficient (A) was
obtained from the slope of flux versus transmembrane pressure (P) plots. Paired t-tests
were done to determine if the changes in permeability were statistically significant. Table
4.2 shows the results that indicate changes in permeability were not statistically
significant. Moreover, the standard deviation of average permeability coefficients was
larger for modified UFPES than unmodified UFPES (except for UFPES3 prepared from
100 kDa), which agrees with the observation made from active layer average pore size
measurements (Figure 4.6). Two competing factors may explain the results. Firstly,
addition of poly(PAHME) increased membrane hydrophilicity. Addition of hydrophilic
coatings has been shown to increase the permeability of hydrophobic membranes by
enhancing wettability [182,183]. Opposing this effect, the grafted polymer layer increases
resistance to flow. Although there was no significant change in average pore size, as
observed from SEM measurements, polymer grafting adds mass to the membrane that
either decreases porosity or increases membrane thickness. Either of these effects
increases resistance to flow [184,185]. The results suggest that neither of these factors is
dominant for the conditions studied.

107

700

Permeability Coefficient (LMH/bar)

UFPES

600

UFPES3
UFPES8

500

UFPES11

400
300
200
100
0

50 kDa

100 kDa

500 kDa

Figure 4.7. DI water permeability coefficients of UFPES and PAHME-modified UFPES
membranes prepared with different irradiation energy doses. Error bars represent
standard deviations of three measurements with different membrane samples.
Table 4.2. Results of paired t-test for membrane permeability experiments. Measurements
taken using UFPES were used as Group 1 data.
Membrane
sample
MWCO

50 kDa

100 kDa

Group 2
data

Twotailed P
value

UFPES3

0.0511

UFPES8

0.7401

UFPES11

0.4183

UFPES3

0.0795

UFPES8

0.0808

UFPES11

0.114

Result of difference
Not statistically
significant
Not statistically
significant
Not statistically
significant
Not statistically
significant
Not statistically
significant
Not statistically
significant
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500 kDa

UFPES3

0.1182

UFPES8

0.4028

UFPES11

0.049

Not statistically
significant
Not statistically
significant
Not quite significant

4.3.5 Uranium dynamics binding measurements
Dynamic binding measurements were conducted to determine maximum uranium
binding capacities. Figure 4.8 shows the results obtained by processing 2.3 mg/L
uranium solution at a flow rate of 200 µL/min. Control experiments were conducted
using unmodified UFPES membranes. Figure 4.8a shows the results for uranium in DI
water where complete breakthrough was obtained after processing 20 mL of solution.
Similar experiments conducted using uranium in seawater (Figure 4.8b) resulted in a
quicker breakthrough that reached completion after processing 12 mL. The decrease in
permeate volume required for complete breakthrough indicated that the uranium binding
capacity decreased, which was attributed to the presence of high concentrations of several
metal ions (see Table 3.1 in Chapter 3) that compete for the phosphate group on the
membrane. In both solution matrices, the unmodified UFPES membranes resulted in
significantly lower uptake than UFPES11 due to the absence of functional groups on the
membrane surface.
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Figure 4.8. Dynamic binding measurements using UFPES (open symbols) and UFPES11
(filled symbols) at a flow rate of 200 µL/min. All membrane samples were prepared from
UFPES with MWCO of 500 kDa. Uranium solutions were prepared with 2.3 mg/L
(9.7×10-6 M) 238U and 5 Bq/mL (6.1×10-8 M) 233U solution prepared using a) DI water
and b) seawater. Symbols represent experimental data. Solid lines represent model fits to
the Thomas model [186]. Error bars represent standard deviations of three measurements
three with different samples.
Breakthrough data were fitted to the Thomas model [186] shown in Equation 4.2.
kT is the Thomas rate constant, qmax is maximum binding capacity, v is permeate volume,
Q is volumetric flowrate, M is membrane mass, C is permeate concentration, and C0 is
concentration of the feed solution.
C
C0

=

1

(4.2)

k q
M k C v
1+exp( T max - T 0 )
Q
Q

The Thomas model is a kinetic model derived by assuming a pseudo-second order
reversible kinetic reaction and the Langmuir isotherm. In an earlier study [155], we
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carried out batch uptake experiments for uranium on poly(PAHME) and found that
binding followed a pseudo second-order kinetic reaction mechanism. In addition,
isotherm data fit well to the Langmuir model.
Another assumption in the Thomas model is insignificant axial dispersion.
Molecular diffusion and mixing due to turbulent flow are the main contributors to axial
dispersion. Peclet number (Pe) often is used to shed light on the transport phenomena of a
system; it is defined as the ratio of the rate of convective transport to the rate of diffusive
transport (Pe = vL/Da where v is mean velocity, L is length, and Da is axial dispersion
coefficient). A large Pe indicates that convective transport is more significant; whereas
axial dispersion is significant for small Pe systems. Suen and Etzel [187] analyzed the
effect of Pe on the shape of the breakthrough curve by evaluating the difference between
the results from Thomas model (Pe=∞, Da=0) and a mathematical model involving a set
of differential equations solved by numerical method. The results indicated that for
Pe>40, the percent difference between the membrane binding capacities calculated using
the two models is <3%; hence, the influence of axial dispersion was considered
insignificant for Pe>40.
To our knowledge, Da data are not available from the literature for transport of
uranium in a membrane adsorber bed. Biswas et al. [188] investigated the separation of
heavy metals (Zn2+, Cu2+, Ni2+) from seawater using semifluidized bed column. The Da
for a packed bed section was estimated to be 5.1±0.3×10-11 m2/s using a mathematical
model. Using this values with a v of 9.8 µm/s (from 200 µL/min) and membrane
thickness of 184 µm, which is the thickness of the PES layer of UFPES, the Pe was
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calculated to be 35. Superficial velocity (9.8 µm/s) was used for this calculation.
However, Pe would be larger if the interstitial velocity, which can be determined using
membrane porosity, was used for the calculation. Other studies have reported larger Da
values ranging from 1.5×10-9 to 4.0×10-6 m2/s for various divalent metals [189–192],
which would lead to significantly lower Pe numbers. Even though similar studies for
uranyl ion were not widely reported, columns packed with sand [193] and crushed granite
[194] resulted in Da values of 1.4-3.4×10-7 and 4.4×10-5 m2/s for uranium (VI) .
Nevertheless, separation systems using affinity membranes were shown to be represented
well with the Thomas model indicating the dominance of convection transport over axial
dispersion [187,195].
Nonlinear regression was used to fit the experimental data to the Thomas model
using kT and qmax as fitting parameters. Table 4.1 shows the values obtained and the chi
square values calculated. The results show that the kT values did not change significantly
with solution matrix and pH. The main factor affecting reaction rate constants is
temperature; hence, the results were consistent with exceptions. However, the maximum
uranium binding capacity of UFPAN11 decreases by over 50% when the solution matrix
was changed from DI to seawater solution. The modified membranes resulted in
maximum binding capacities that are significantly higher than unmodified membranes for
both solution matrices and all solution pH as a result of the phosphate-based functional
group. Batch uptake experimental results discussed in Chapter 2 resulted in statistically
significant difference among the uranium solutions at pH 4, 6, and 8. The experiments at
pH 6 resulted in the highest binding capacity and pH 8 the lowest binding capacity. While
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the average binding capacities from the flowthrough experiments showed the same trend
as the batch studies, there was no significant difference among the values measured at
different pH values based on measurement uncertainties.
Table 4.3. Parameters for the Thomas model fit of the dynamic binding experimental
data.
pH
Solution
matrix

Sample

UFPES11
DI water
UFPES

UFPES11
Seawater
UFPES

Fitting parameter

4

6

8

kT (mL/(mg min))

32 ± 2

37 ± 4

30 ± 2

qmax (mg/g)

7.4 ± 0.4

7.8 ± 0.3

6.4 ± 0.5

χ2
kT (mL/(mg min))

1.6×10-2
23 ± 1

1.9×10-2
22 ± 2

1.3×10-2
21 ± 1

qmax (mg/g)

0.5 ± 0.1

0.5 ± 0.2

0.5 ± 0.2

χ2
kT (mL/(mg min))

3.6×10-2
34 ± 3

1.7×10-2
38 ± 1

2.7×10-2
35 ± 3

qmax (mg/g)

3.1 ± 0.4

3.6 ± 0.2

2.7 ± 0.1

χ2
kT (mL/(mg min))

1.8×10-2
25 ± 1

2.1×10-2
25 ± 3

2.6×10-2
24 ± 1

qmax (mg/g)

0.4 ± 0.1

0.4 ± 0.1

0.4 ± 0.1

χ2

3.2×10-2

1.4×10-2

8.4×10-3

Since pseudo-second order kinetics well describe results from batch and
flowthrough experiments, it would be valuable to compare the model parameters obtained
from both experimental approaches. However, the pseudo-second order reaction rate
constant (k2, [m2 mmol-1 min-1]) could not be compared directly to the Thomas model kT
[mL mg-1 min-1] due to the difference in their units stemming from assumptions in the
model derivation. The Thomas model was derived by assuming a large forward reaction
rate and a small reverse reaction rate to obtain a simplified mathematical equation for
determination of fitting parameters by nonlinear regression [196] To overcome this
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discrepancy, we looked to Bullen et al. [197] who proposed a revised pseudo-second
order (rPSO) kinetic model that incorporates the adsorbate and adsorbent concentrations
in the original equation. This approach normalizes the rate constant for comparisons
among various studies and improves predictive capability. Equation 4.3a-d show the
rPSO kinetic equations. k’ (mL mg-1 min-1) is a rate constant, Ct (mg) is mass of uranium
in solution at time t, Cs (g) is mass of sorbent (PES polymer film), C0 (mg) is initial mass
of uranium in the solution, qt (mg/g) is mass of uranium bound at t, and qe (mg/g) is mass
of uranium bound at equilibrium.
𝑑𝑞𝑡
𝑑𝑡

k' =

𝑞

2

= 𝑘 ′ 𝐶𝑡 (1 − 𝑞𝑡 )

(4.3a)

𝑒

k2 q2e

(4.3b)

C0

Ct =C0 -Cs qt
qn =qn-1 +((tn -tn-1 )×(k' Ct(n-1) (1-

(4.3c)
qn-1
qe

2

) ))

(4.3d)

Equation 4.3a cannot be integrated to obtain an analytical solution; thus, an approximate
solution (Equation 4.3d) was used to fit to the experimental data. The batch
experimental data from Darge et al. [155] were recalculated to normalize by mass (mg/g),
rather than area (mmol/m2 in the original form), and fitted to the rPSO model by nonlinear regression. The parameters k’ and qe were used as fitting parameters. The resulting
rate constant k’ allows direct comparison with values obtained for the Thomas rate
constant kT from the dynamic binding experiments. Figure 4.9 shows the experimental
data, and Table 4.2 shows the parameters obtained from fitting to the experimental data.
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Figure 4.9. Sorption of uranium by M-PES-8 films recalculated from a previous work
[155]. Symbols represent experimental data. Lines represent fits to a pseudo-second order
kinetic model. Error bars represent standard deviation of three measurement with
different samples.
Table 4.4. Parameters for revised pseudo-second order model fit of the batch uptake
kinetic data.

k' (mL/(mg min))
qe (mg/g)

pH
4
6
8
30 ± 4.3 43 ± 6.5 6.8 ± 1.3
6.2 ± 0.4 9.8 ± 2.0 2.5 ± 0.6
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Results from flowthrough experiments conducted using UFPES11 and uranium in DI
water compared well to that of the batch experiments using M-PES-8 (PES film modified
with delivered energy dose of 8 kJ/m2) at pH 4 and 6. No statistical difference was
observed between the rate constant values (kT and k’) as rate constant is independent of
sorbent and sorbate concentration. Moreover, the rate constant of a reaction is
independent of the type of reactor (batch or continuous) [198]; thus, close values were
obtained at pH 4 and 6. At pH 8, significant differences were observed between the two
loading approaches (6.8 ± 1.3 for batch and 28 ± 4 mL/(mg min) for dynamic binding).
This difference was likely due to the small uranium uptake obtained from batch loading
that limited the accuracy of the model fit as the difference from the control experimental
data was the smallest at pH 8.
The experimental data also were fitted to a mathematical model that was derived
by considering axial dispersion and a linear isotherm [199]. Equation 4.4a-d was used to
fit to the breakthrough data. K (m) is equilibrium constant, r (m) is membrane pore
radius, v (m/s) is velocity in the pores, vm (m/s) is superficial velocity, V (m3) is volume
of permeate, ε is membrane porosity, Ds (m2/s) is axial dispersion coefficient, and Q
(m3/s) is volumetric flow rate.
C
C0

1

βδ

γδ

βδ

γδ

= 2 (1+ erf (√4γ -z√4β) + exp(δz) erfc (√4γ +z√4β))
rvV

β= 2Q

(4.4b)
r

γ=K+ 2
v

(4.4c)
v

δ= D = εDm
s

(4.4a)

(4.4d)

s
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Non-linear regression was performed to determine the best fit to experimental data by
changing the ε, K, and Ds. Figure 4.10 shows the model fit to the experimental data, and
Table 4.3 shows the fitting parameters and correlation coefficient values. The
equilibrium constants obtained were compared with those from batch experiments using
M-PES-8 (Table 4.4). The results show that the K values obtained from the current study
are four orders of magnitude higher than those of the batch experiments, which is not
reasonable given that the chemistry is the same. Moreover, the coefficient of correlation
values indicate clearly that the model poorly describes the experimental data. In addition,
Cooney examined the effect of axial dispersion in liquid-phase fixed-bed adsorption. The
study concluded that for liquid phase systems with high flow rates, axial dispersion often
can be neglected [200]. For these reasons, the effect of axial dispersion appears to be
negligible, which is consistent with our finding that the simplified Thomas model
described the experimental data effectively.
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Figure 4.10. Dynamic binding measurements using UFPES and UFPES11 at a flow rate
of 200 µL/min. All membrane samples were prepared from UFPES with MWCO of 500
kDa. Uranium solutions were prepared with 2.3 mg/L (9.7×10-6 M) 238U and 5 Bq/mL
(6.1×10-8 M) 233U solution prepared using a) DI water and b) seawater. Symbols
represent experimental data. Solid lines represent model fits. Error bars represent
standard deviation of three measurements using different samples.

Table 4.5. Parameters for the mathematical model (Equation 4.4) used to describe
dynamic binding experimental data
pH
Solution
matrix

DI water

Fitting
parameter
Ds
(m2/s)
UFPES11
K (m)
Sample

χ

UFPES

2

Ds
(m2/s)

4

6

8

5 × 10-12

2 × 10-12

7 × 10-12

12 ± 1

12 ± 1

11 ± 1

-1

6.6×10-1

5.6×10-1

2 × 10-11

2 × 10-11

4.0×10

2 × 10-11
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K (m)
χ

UFPES11

2

Ds
(m2/s)
K (m)
χ

Seawater
UFPES

2

Ds
(m2/s)
K (m)
χ

2

2.9 ± 1

2.3 ± 1

2.7 ± 0

-2

5.7×10-2

5.5×10-2

4 × 10-12

2 × 10-12

7 × 10-12

11 ± 2

11 ± 2

15 ± 5

-1

-1

2.0×10-1

2.1×10

2.2×10

6.9×10

2 × 10-11

2 × 10-11

2 × 10-11

2.4 ± 1

2.3 ± 0

2.4 ± 0

-1

-1

5.7×10-1

1.1×10

1.1×10

Table 4.6. Equilibrium rate constant calculated from the batch experimental result
reported in previous work [155].
pH
K (m)

4
1.6 ± 0.6 × 10-4

6
1.18 ± 0.07× 10-3

8
1.73 ± 0.6 × 10-3

4.3.6 Alpha spectroscopy peak energy resolution
Modified UFPES membrane loaded with uranium were counted using an alpha
spectrometer. The membranes were loaded to saturation by processing 20 mL solution for
uranium in DI water and 12 mL for uranium in seawater. Peak energy resolutions were
calculated at FWHM of the 233U peak. Table 4.5 shows the peak counts and FWHM
values obtained using modified UFPES. The counts from UFPES11 loaded with uranium
in DI water solution were higher than those loaded with uranium in seawater solution,
which agreed with the breakthrough data discussed in the previous section. Figure 4.11
shows the representative spectrum for UFPES11 loaded with uranium in DI water.

Table 4.7. Summary of peak energy resolution data in FWHM of samples loaded with
uranium in DI and simulated seawater
DI water

Seawater
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Count time
(h)

1
FWHM
(keV)

UFPES11
UFPES8
UFPES3

1
233

U peak
count

FWHM
(keV)

2
233

U peak
count

233

FWHM
(keV)

U
peak
count

70 ± 8

2491 ± 200

39 ± 8

1164 ± 74

65 ± 5

2429 ± 67

59 ± 11

956 ± 120

42 ± 7

362 ± 12

51 ± 9

732 ± 24

28 ± 3

128 ± 25

32 ± 4

74 ± 32

34 ± 5

143 ± 14

For the same count time (1 h), membranes loaded with uranium in seawater resulted in
lower FWHM values (i.e., higher resolution) than those with loaded with uranium in DI
water. However, this difference in FWHM is not an accurate indication of the membrane
performance since the counts were not the same. To ensure proper comparison, the same
samples were counted for times that yielded similar number of counts for each sample,
and peak energy resolutions were recalculated.

Figure 4.11. Representative pulse-height spectrum of UFPES11 prepared from UFPES
with MWCO of 500 kDa and loaded at 200 200 µL/min with 2.3 mg/L (9.7×10-6 M) 238U
and 1 Bq/mL (1.2×10-8 M) 233U solution prepared with DI water.
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The results indicated that the presence of multiple competing ions in the seawater
solution did not have a significant effect on the peak energy resolution, as no statistical
difference was observed between the two samples. Decreasing irradiation energy dose
resulted in lower 233U peak counts for both solution matrices, which was expected since
the mass of grafted poly(PAHME) was smaller. Figure 4.12 shows representative spectra
of samples prepared with seawater solution counted for 1 h and 2 h.

Figure 4.12. Representative pulse-height spectra of UFPES11 prepared from UFPES with
MWCO of 500 kDa and loaded at 200 uL/min with 2.3 mg/L (9.7×10-6 M) 238U and 1
Bq/mL (1.2×10-8 M) 233U solution prepared with seawater and counted for a) 1 h and b) 2
h. The peak energy resolution values were calculated using Maestro Version 7.01
software.
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4.4 Conclusion
Phosphate-based reactive membranes were developed by UV-initiated graft
polymerization and studied for the separation of uranium from aqueous samples. The
modification step enabled grafting of poly(PAHME) from polyethersulfone membrane
surfaces without altering the physical and structural properties of the base membrane.
Dynamic binding measurements conducted at near neutral pH values for uranium in
deionized water and seawater showed that the presence of competing ions in the solution
matrix decreases the maximum uranium binding capacity of the membranes. However,
uranium alpha particle peak energy resolutions were determined to be unaffected by the
presence of competing ions in simulated seawater. The reactive membranes are able to
concentration uranium from solution using high volumetric flow rates, and they can be
analyzed directly by alpha spectroscopy. This approach provides a rapid screening
method for field portable use that reduces analysis time for nuclear forensics
investigations. This approach also can be effective for monitoring other metals for
environmental monitoring purposes.
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CHAPTER FIVE
5. Conclusions and recommendations
5.1 Summary and conclusions
This dissertation introduced polymeric materials for selective separation of
uranium and direct isotopic analysis by alpha spectroscopy. Thin film platforms were
developed for a single step purification, concentration and sample mounting of uranium
to reduce radioanalysis time while yielding reliable isotopic analysis. Chapter 1 reviews
studies conducted on the separation uranium from ground and seawater for various
applications. Mass and alpha spectroscopic techniques used for isotopic composition
determination were highlighted. Comparing the available radioanalytical techniques,
alpha spectroscopy suits a field portable detection method required for rapid screening of
aqueous sample prior to a more comprehensive laboratory analysis. Despite the low
background count and relatively small detectors for on field use, alpha spectroscopy
requires careful sample preparation steps to obtain spectra with high peak energy
resolution.
Chapter 2 discussed preparation of thin film polymers to simulate membrane
surfaces. This chapter focused on understanding the fundamental chemistry of polymer
surface modification and the role it plays on uranium separation and detection. Uraniumselective functional groups were added to Polyacrylonitrile (PAN) and polyethersulfone
(PES) thin film polymers using a chemical reaction and UV-initiated graft
polymerization. The degree of modification of PAN films analyzed using X-ray
photoelectron spectroscopy indicated the conversion of nitrile to amidoxime functional
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group ranged from 21-40 %, and the depth of modification was observed to increase with
reaction time. The growth kinetics of poly(phosphoric acid 2-hydroxyethyl methacrylate
ester (PAHME) based on the UV energy dose delivered were analyzed by ellipsometry
and grafted polymer layer thickness were determined to range from 14 to 40 nm. Batch
uptake experiments were conducted to measure the uptake capacities and kinetics using
233

U spiked deionized (DI) water. The results showed that uranium uptake increased with

extent of modification and grafted polymer layer thickness and the highest binding
capacities were recorded at pH 6. Binding kinetic experiments indicated that the modified
PAN and PES films reached uptake equilibrium after 3 h and 1 h of batch contact.
Binding mechanisms were explained using uranium speciation and degree of
deprotonation of the ligands at various solution pH values. Alpha spectroscopy peak
energy resolutions were measured with full width at half maximum yielding values
ranging from 26 to 45 keV. The results from this chapter were used to select degree of
modification/thickness of grafted polymer for reactive membrane preparation and design
a flow through system for uranium capture.
Chapter 3 described a facile method used to prepared amidoxime-based
membranes that was used to isolate and concentration from seawater followed by direct
isotopic analysis using alpha spectroscopy. Physicochemical changes caused by the
modification reaction were analyzed using ATR-FTIR spectroscopy, AFM microscopy
and direct-flux measurements using DI water. Constant-flux filtration experimental setup
was used to load uranium solution at varying pH values and solution matrices. The
filtration experiments using amidoxime-based membrane resulted in selective separation
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of uranium from seawater with >95% capture efficiency at all near neutral solution pH.
Additional batch experiments confirmed the large binding capacity of the membrane;
hence coordination complex formation was identified as the main separation mechanism.
Peak energy resolution of the alpha spectra collected were observed to depend on the
volume, concentration, and matrix of solution processed, mainly due to the large capture
efficiency of the membrane. The full width at half maximum values calculated showed
little difference between DI and seawater solutions. Therefore, to quantify the peak
tailing observed for samples loaded with uranium from seawater, the full width at 10%
maximum values determined. Uranium loaded from DI and seawater solutions resulted in
63 ± 9 keV and 160 ± 34 keV. The decline in peak energy resolution likely was due to
salt particles precipitation on the membrane. Using the membrane permeability
coefficients and filtration results, it was determined that it would take less than 3 h of
analysis time (filtration and alpha particles count) to screen a sample. This approach
enables uranium separation from water consisting of high concentration metal ions and
rapid screening of alpha emitting radionuclides.
Chapter 4 describes the modification of polyethersulfone ultrafiltration membrane
(UFPES) using UV-initiated graft polymerization. PAHME-modified UFPES membranes
were characterized by ATR-FTIR to confirm modification. Constant-flux filtration
experiments were used to conduct uranium dynamic binding experiments with DI and
seawater solutions. Experimental breakthrough data were collected at circumneutral pH
values and theoretical models were fitted to the experimental data to determine the
reaction rates and maximum binding capacities. The results indicated that the Thomas
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model fits well to the experimental data indicating the uranium sorption was a reaction
rate-limited process. The model fit parameters were compared with the batch
experimental results (explained in Chapter 2). The results showed that the maximum
binding capacities of the reactive membranes decrease when loading uranium from
seawater solution due to the presence of other competing ions. The alpha spectra peak
energy resolutions were calculated to be 70 ± 8 keV and 65 ± 5 keV full width at half
maximum were obtained. The results from Chapter 3 and 4 offer flowthrough system for
processing large volumes of solution while limiting the analysis time to few hours by
combining purification, concentration, and sample mounting steps.
5.2 Recommendations
Chapter 3 discussed the method for uranium separation using polyamidoxime
membranes with a capture efficiency of >95% for all pH values tested. However, the
peak energy resolutions of alpha spectra collected were observed to decrease when
uranium was loaded from seawater which likely was due to salt particles precipitation on
the membrane. As explained in Chapter 3, up to 10 mL DI water was flown through the
uranium-loaded membranes aimed at washing the salt precipitate. This step did not make
any difference on the peak energy resolution of the spectra. Therefore, I recommend
using a different solvent for effective removal of salt particles while adjusting pH to keep
the uranium bound to the membrane. The maximum binding capacity was obtained at pH
6; hence, keeping the wash solution at pH 6 would minimize desorption of uranium.
Conducting uranium dynamic binding experiments using microfiltration
membranes (as opposed to UF membranes discussed in Chapter 3) would be interesting
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to investigate. These experiments would allow determine the effects of using bigger pore
size membranes on uranium uptake and alpha spectra peak energy resolution.
Microfiltration membranes would enable process larger volumes of water at the same
applied transmembrane pressure relative to UF membranes. Conducting experiments by
changing the solution flow rate will help determine the kinetic- and equilibrium-limited
regions of the uranium binding process. Moreover, uranium dynamic binding
measurements would help elucidate the reaction rate of the uranium binding process,
which intern enable determine the operating conditions (uranium solution volume and
flow rate) required to maximize uranium binding and obtain high peak energy resolution
alpha spectra.
Chapter 4 described the use of reactive membranes for uranium separation and
isotopic analysis by alpha spectroscopy. Despite the uranium uptake reported (7.8 ± 0.3
mg/g in deionized water to 3.6 ± 0.2 mg/g in simulated seawater at pH 6), the peak
energy resolutions ranged from 65 ± 5 keV to 70 ± 8 keV depending on the solution
matrix. The modified PES thin films discussed in Chapter 2 resulted in peak energy
resolutions ranging from 26 to 45 keV. One of the reasons for the peak energy resolution
decline of the membranes could be the modification of UFPES not just on the surface but
also in the pore walls. Therefore, I recommend adding a pretreatment step prior to the
polymerization reaction. This step could involve immersing UFPES in a solvent that is
immiscible with ethanol for a few minutes. Since the monomer solution used to modify
UFPES is dissolved in ethanol, the pretreatment (wetting) step will allow the solvent to
fill the pores and prohibit the monomer grafting from the membrane walls. This
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additional step could improve the alpha spectra peak energy resolution because most of
the uranium would be bound on the membrane surface, hence limiting energy loss of
alpha particles.
I recommend performing uranium dynamic binding experiments using natural
seawater (as opposed to simulated seawater) to evaluate the membranes performance.
Natural seawater and groundwater likely contain organic materials that might bind to
some of the uranium in the solution reducing the membrane performance. Hence, it is
worth the effort to assess the effect of natural waters on membrane performance. Finally,
conducting uptake experiments at various temperatures that are representative of the
different world regions would be critical to understanding how uranium binding can be
affected at different locations due to temperature changes.
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Appendix A
XPS spectra of PAN and M-PAN films.
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Figure A-1. XPS survey spectra of PAN and M-PAN films.
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200
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Figure A-2. XPS high resolution spectra of C(1s) peak of a) PAN, b) M-PAN-30, and c)
M-PAN-90. Figure 3 in the main document shows a high-resolution spectrum of C(1s)
peak of M-PAN-60.
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Figure A-3. Elemental composition of a) PAN, b) M-PAN-30, c) M-PAN-60, and d) MPAN-90 at various film depths. The sharp increase in silicon content and corresponding
sharp decreases in carbon and nitrogen demarcate the film-silicon interface.
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Figure A-4. Pseudo-second order fit to the sorption kinetic data of a) M-PAN-60 at
pH 6, and M-PES-8 at b) pH 4, c) pH 6, and d) pH 8. Table 2.5 lists the pseudosecond order fit parameters to the kinetic data.
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